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FOREWORD 


The plstory of sclence shows, almost without exception, that new knowi- 
edge of any nature, no matter bow acquired or with what obifectie. eventu- 
ally finds useful appiicetiona. Such knowledge may be gained for iis ewn 
sake, ss in basic research programs. The resulis of basic research may 
become useful {n many areas, the exact nature of which can seldom be 
ascertained at the time wien the research is started. Similarly, anplied 
research undertaken with more or lest spvcific objectives In mind may find 
applications quite unrelated to the criginal objectives. 

This is the cause with the electronic countermeasures program. Since its 
inception on a large scale under the auspices of the National Defense 
Research Committee and the Armed Services during World War Ii, this 
program has resulted [n the development of techniques applicable not only 
to the particular objectives originally established, but also to many other 
purposes not originally envisioned. Some basic research, for which generally 
useful anplications were to Le expected, has been done as a part of this 
In other cases, applied research projects originally directed toward 
specific ends yielded net only the resuits intende.’ put also othes techni 
and knowledge of general usefu!noss. 

Tt is partly on account of this aspect of the ECM program thafghis book 
Dassboen-wnltianeds is primarily a textbook of electronic counter: enaures 
techniques intended for use in teaching those engaged in work ur ''. ECM 
program. In addition, it docurments research and development 16°: 8 which 
cin be used not only for countermeasures but for cther purposes as wel]. For 
example, all the following material iz of genera! intercst: > 6, “Inter- 





cept Probability ang Receiver Par meters”. Chapter 7, ection and 
ee of Signals”; Chapter 9, e Intexcept Receiver”; Chapter 10, 
“Direction Finding’; and all of Part IV, “Components”, includ:ng circuit 
techniques, various types of microwave tubes, ferroelectric and ferromag- 
netic uevices, and propzgation. On the cther hand, Pert ITI, which covers 
specific countermeasures equipment and techniques, will probably be most 
useful to those actively engaged in the ECM program. _ 

Many of the authors started thelr association 
measures during World War II at the Radio 
Harvard University, at the Airborne Instruments # 








electronic counter- 
rch Laboratory of 
tory, or st private 
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or government laboratories engaged in ECM work. Other authors have 
been recruited from those actively concerned with ECM sirse World War 
II as employees of contractors of the Department of Defense, or as members 
of tke staffs of government isboratories. They were selectcd for their know!- 
edge of particular subjects. The work of writiig end publishing this textbook 
was catried out with the support of the Department of Defense, including 
all branches of the Armed Services, under U. S. Army Signal Corps sponsor- 
ship. It is hoped that this volume will be useful as « textbook for cout.ter- 
measures training purposes, and es 2 general reference sowrce fcr 
techniques described, whether or not confined to countermeasures appiica- 
tions. 

F. EZ. TeRMANn 
Stanford University 
October 1961 
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Introduction and Summary 


J. A. BOYD, D. B. HARRIS, D. D. KING, 
H. We WELCH, JR. 
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1.:. Introduction 

“he first large-scale introduction of electronics into military 
operations took place during World War II. Since that time, the part 
played by electronics +n weapons systems has increased, often to the 
point of dominence. This growth in military electronics has been 
cheracterized oy a profusivn of diverse techniques aimed at fulfilling 
particular military requirements, 

Probably the most csonfusing and little understood aspect of military 
electronics deals with countermeasures. Since it is concerned exclu- 
sively with other electronic devices, primarily in the possession of 
the enemy, electronic countermeasures is removed from the main stream 
or weapons technology. However. the grewing dependence of modern 
weirsons on electronics and a recognition of their vulnerability has 
increased tremendously the importance of countermeasures, The complex 
tec+sniques evolved to effectively count2r electronically aided weapons 
hav not been surveyed and made available to the practicing engineer 
sfizrice the publication of wartime uccomplishments., The present volume 
prirvides a summary otf modern countermeasures techuclogy for those 
working in the field. The scientific and engineering aspects, as well 
as the military requirements, have been treated; both technical and 
opwiational problems must be solved to achieve successful counter~ 
meiaccres. Therefore, both engitieers engaged in equipment develrnment 
ani those concerned with operational characteristics should find this 
bow: valuable. 
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1-2 ELECTRONIC COUNTERMEASURES 


}.2 Definition 


There has been a tendency in recent years to distingults between e!sc- 
tronle countermeasuree (ECM), electronic reconnaissance, and olectronic 
counter-countermeasures (ECCM). When takca tcyether these funetions ar 
ually referred to az electronic warfare (EW). In practice, on? can seldom 
completely separate thease functions. It le necessary to conduct electronic 
veconmalasance both jor direction of the ECM vesearcn and development 
progseam and for the operational (tactical and strategic) application of ZCM. 
{2, this book. emphasis ts on electronic countermeacure: and electronic re- 
sonnalasance; howeve., studies cf jamming effectiveness are pertinent to 
the evaluation cf jemming techniques and counte:-ccuatermeasures tech- 
niques. 

Electronic waifuct may de defined as the employment of electronte devices 
and techniques for the purposes of: 

(@) Determining the existence and disposition of the enemy’s electronic 

aids to warfare. 

(4) Destroying or degrading the effectiveness of the enemv’s electronic 

aids to warfare. 

(c) Preventing the destruction cf the effectiveneca of friendly electrenic 

aids. 


‘.8 Peoutiarities of EW Systems 


Electronic wartare eystems occupy a special position in that their primary 
function {2 to be feaponelya to enemy action or potentisl. Ths character of 
effective EW syste sae thelr development cycle dees not follow the pattern 
te} by other active weapane and electronic systems end subsystems. The 
tatlent polnta of difference may bie Hsted as follows: 

(4) FRE Heed for EW syatenis is secognized when the exiatence of enemy 
elerirurth alta has been entabilaherd! ur postulatec. 
(6) The ciininetesieties of EW aystviia ere determined by the nature of 
enemy ele: iiGils Mevien-—knows, or anticipated. 
(c) The effectivenss ii ei) KW system cannot be demonstrated Independ- 
ently of enemy deviews, slihar real or simulated, 
(#) The future course of KW cay only be predicted in terms of the an- 
icipated electronic envireninant to be czented by the enemy. 
the Wependence of EW methara ay the precent and future enemy elec- 
Wily jneture places the entire fleld wf HW in » parilculariv close relation- 
my Wik the intelligence communily, The techniques of signal Intercept, 
=f vale ct location ere primary tovta far electronic Intelligence (ELINT) 
Ae venimunication Intelligence (COM INT), Conversely, the Information on 
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CHARACTERISTICS OF ELECTRONIC COUNTERMEASURES 1-3 


enemy activity and its interpretation 's basic to EW development ana plan- 
ning. In the case of a complex tranemission system, classification of the 
eigral as ELINT or COMINT may not be 2 olmple matter. 


1.4 Research 


The development of electronic countermeasures: systems places unusua: 
demands on technicuas and components research fa that: 


(a) Operational requirements sre continually changlag with the develop- 
ment by the enemy of electronic aids to warfare which are the po- 
tential target of countermeasures. 
Characteristics and vulnerability of target systema are known cniy 
through tests made with the aid of ccuntermessures end reconnals- 
saice equipment developed to meet these operational requirements. 
(c) The potential utilisation of the complete frequency spectrum, ail 
types of modulation, and maximum eMclency and security of infor- 
mation handiing in the target oystem requires extreme versatility In 
devices and techniques in te-ms of design and operational parameters. 
Frequently these demands require the use of techniques and components 
which cre not fully matured. Muct of the research is directed toward evaiua- 
tions of feasibility and “trade-oiis” inharent in the cheice from e multiplicity 
of alternative approaches to 2 given problem. An intercept or jammin _ sys: 
tem designed specifically for a given target system fs limited in {ts appilca- 
tion to other target systems, On the other hand, a system designed to nandie 
a number of target systems is limited In its capability aga‘nst specific tar- 
gets and is usually extraordinarily complex ‘rom an onevational standpolzi. 
Certain techniques, such as (he ability te sort and analyze signals and 
selectively sadiate large amounts of power over ea wide frequency range, have 
relatively little value for epplications other than countermessures. The de- 
velopment of these techniques requires in many cases the development of 
components iuch as electronically tunable devices, broadband amplifiers and 
mixers, high power CW oscillators, and nolss generators, which in turn find 
littie application in other than countermeasures equipmest. On the other 
hand, since the research on these techniques and components is continuowly 
pushing the state of the art, much of cur knowledge of the ilmits of elec- 
tronic performance has resulied from the countermeasures effort. 


(0; 
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1.5 Summary of Subjects Trenied 

In the following sections, a short summary is giver: of each subject treated 
in this book, with emohasis on the particularly significant results presented 
in each cuse. 
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1-4 ELECTRONIC COUNTERMEASURES 


1.5.1 lntreduction anv Summary 
This chapter ia adequateiy represented by the materlal In Sections 1.1 
through 1.4 and needa na further summary. 


1.4.2 Histery of Eleetronic Countermeasures 

This chapter gives the historical background of the ECM research and 
development program and diacusaes features of tits program which are 
unique. The development of ECM since World War I ju traced. 

Techniques developed in the World Wer iI programs are discussed, and 
the general characteristics of speclic equipments are described. Some ef 
these equipments are now ovsolete; sore are stiil in uae. Emphasis ts laid 
on the evolution of ECM techniques which led ta modern requirements and 
methods. 

A section of Chapter 2 deals with th> postwar research and development 
program in the ECM fieid. Many of the equipments described hore are in 
current use. The secacna for developing the techniques descriced and thei: 
effect on the Loundaries and objeciives of the ECM research and develop- 
ment program now in progress are discussed. 

No attempt is made to provide u complete Hat ci equipment, techniques, 
specifications, and acplicationa. Instead. emphasis is laid on the prabdiema 
encountered and the ways in which they ars sclved. The progrem carried 
vut immediately aiter the war for appraising the eflectivenes~ of zlectronic 
warfare techa‘ques, perticularly as appiled against the Germans, fs described. 
Information was cbtalned on the spot, by observers in Garmany, as to the 
axperiences of Germas redar peraunne!l opereting thelr equipment while it 
was being fammed by Allied airborne ECM equipment. This information led 
to the conclusion that the ECM pmgram was highly successful, and ersatly 
reduced the effectiveness c’ the German radar. 


1.5.8 Perapective of ECM in Mcdern Warfare 

The ways in which the militacy situation and the geography of the cattis 
and supporting ares affect the problem of destroying or degrading the utility 
cf encmy communications, weapon systems, and survelilance devices is cun- 
sidsred in cetail !a Chapter 3. 

Airborne ECM Sas both defensive and reconnaissance functions; ex) is 
considered separately ss well as in systema that combine them. Chapte: 2 
alsc includes consideration of countermeasures against early warning radar, 
alrborne intercept, «2d tracking radara, n2d coramunicationa, guidance, and 
fuze countermedsursa, 

Utilization cf ECM by naval forces is discussed, 

ECM in alr defense ts largely corcerned with countering bombing and 
navigation radar. Passive detectlon by scanning receivers and target track- 
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ing also fave an important place In aly defense: several types of syatems 
are illustrated. 

ECM in ground operations !s considccea from the tactical employment 
standpolit only. Some of these applicaticnas are: ECM against surveillence 
drone systems, against unenciphered <actical communication nets, against s 
enemy mortar and artlilery tracking radars, against tactical bombing radars, 4 
against nilasiic aystems, and egainst electronic surveillance cevices such as 1 
intercepi reccivers, MTi radars, and infrared scanners, both ground-based 
aid airborne. Predetonation of varlable--ime fuses, and counter-counter- 
measures against ECM repesier-jammers are briefly considered. 

ECM in aero-apace has not yet been thorough!y Investigated. Two areas 
of interest are countermeasures against electronic surveillance of objects on 
earth, and against AICBhi complexes. 

| 


1.5.4 Operational Objectives of Intercept Systema 

Intercept syztems gather tevonnaissance information by recelving and 
analyzing eneniy signals. The knowledge gained by this operation permi’s 
a more accurate assessment of enemy facilities ana preparations than word 
otherwise be possible. The general value of Intercept systema lies in yro- 
viding informetion on the enemy signal environment which {s useful fror: an 
intelligence point of view. The location and character of enemy electronic 
emitters such as radars, navigation alds, and communications transraitters 
cleariy has « direct operaticnal significance. The application of suc}, inter- 
rept data to active <lectron!: countermeasures represents a specific tactical 
application. Thus, exact knowledge of radar characteristics permits the 
preperation of optimum electronic countermeasures for use against the par- 
ticular target radar. In a broader sense, the increasing use of elec.romagnetic 
algnals in military operations has equally increased the scope an, importance 
of eisctronic intercept systems. To obtain comprehensive !r/ormation on 
enemy radiations ig a tremendous task, but the intelligence tc be gaincd on 
eneray military and technologica! posture is proportionate. 


: 
an rnp Di te PORE eS G:C 


14.5 Signal Environment Study 

The design of intercept equipment for the detection, location, and recogni- 
tion of signais associated with particular radiating equipments deperids to e 
significant extent on the environment !n which the irtercept receiver wil! | 
operate, Signal denalty is an important parameter of this environment. 
Various workers have upproached the problem of predicting signal density { 
in diverse ways, Geographic maps showing typical deployments of tactical 
units in the fleld, with tneir associated radiatin;; equipment, have been 
prepared, tog.iher with complete Hsts of enemy and friendly radiating 
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er ulpment for the particulars model chosen. From this information, predicted 
rignal densities have beer derived. Studies slong these lines lead io a predic- 
tion of the number of signals which an {ntercept system will be required to 
handle simultaneousiy. . 

Recent work incluass three signal density studies snployiag, respectively, 
a Monte Carlo technique, a deterministic modei, ‘and a etochastic-procecs 
mode]. All of these methods give high values fir signal density, pesing a 
serious problem for recelver designers. Prelimicary atudies almed at com- 

ting the resulta of the Monte Carlo inodel add the stochastic process model 
suggest that perhaps the Monte Carlo met%od counts the signals from one 
transmitter too often. In the other approach, the bealc assumption of a 
uniformly candom distribution of transinitters ti actually viclated, and thus 
sts result gives too low an estimate of the e'gnal density in some regions. 

Studies /oased cn models, such as those described above, may be supple- 
mented for purposes 2f verification and of Intelligence by observations made 
in the Held by means of a drone alzcraft equipped with simple intercept 
equiprient. The drone is equipped with three low-séenaitivity receivers along 
with riutlse-counting and recording devices. The system counts tho number of 
pulses received and records the results as « function of time. The signa! 
density is read out and plutted on maps of the tactical aves. The contours 
resuliing may then be used to show indications of the iocations of major 
supply areas, depots, and rail heads; concentration of troops: and shifts In 
alr defense. 


15.6 Intercept Probability and Receiver Parameters 

The etfectiveness of an intercept receiver deperda primarily spon the 
length of time required for the receiver to Intercept a aigna!. and secondarily 
oa the length of time the {intercepted signa! continves to activate the recelver, 
Where CW signals are invoived, the length of time required for ai intercept 
is dependent upon the receiver tuning rate and the signal:<c-noise ratic: for 
pulsed sigiais, signals sweeping f. dlrectlon or frequency, or both, the fore- 
going factors are pertinent as weil e2 the probability of frequency and 
bearing coincidence bet ween the transinitter and receiver. 

In the first part of Chapter 6, the probability relationships appiying to 
the intercept problem are developed in & general manner, It is shown, for 
example, that, if a coincidence probability of unliy is escutned, @ signal in 
the form of a U.5 ysec pulse of S watts peak power masked by gaussian 
noise having a uniferm power density of NV watts per cps over a bandwidth 
of | Me requires a, signal-to-nolae tatio of 13 db to give a detection prob- 
ability of 909 on a single triat with a false alurm prebability of 6.001. This 
result applies where everything is known abcut the signal. 
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Other zelationships are developed ior the case of M ortogonal signals 
where the time of occurrence or the frequency o: each signa! may be un- 
known, Curves are previded which permit the prediction of detection prob- 
abliities as a function of peak power, detectability index, and false alarm 
rate. An ideal receiver is considered, and it !y shown chat this recviver, 
which is prohibitively expensive, can be simplified by the use of a gated 
matched filter. The coincidence concep? ic considered In a general manner, 
and unit colncidence probabilities and the time required for intercept are 
developed as functions of systern parameters, such as the duration of a 
Sulse, the receiver swees perlod, the signa! pulse-repetition period, the 
aignal spectral bandwidth, the receiver acceptance ban” 1'th, the transmit- 
ting antenna look period, and the transmitting antem. - ution period. 

Starting with Section 6.4, the colncidence properties of various tynes of 
receivers are conaldered. It is shown that, for recsivers sensitive only to the 
major iobe of the transmitting antenna, if che acceptance band of the re- 
celver is displaced dy its own width in one revolution period, an Intercept 
is certain in one scanning period of the receiver; the time required for Inter- 
cept {s, however, unduly long. Where the scanning period is comparable with 
the revolution period cf the transmitting antenne, results become unpredict- 
able. If the scanning period is comparable to the duration of 2 “look” of 
the transmitting antenna, ss In the case of a rapid-acan receiver, an Inter- 
cept during the time of the “look’’ is certain, and the time required for 
completing the i:tercept is cmall. Where the scanning repetition frequency 
of the recelver is comparable with the PRF of the transmitted signal, predic- 
tion is difficult, but satisfactory results are obtained because of the Instability 
of the system. If the scanning pericd is comparable with the pulse length of 
the transmitted signal, an intercep: ts cbtalned on the first pulse “seen” by 
the recelyer. In all cases, the proportion of the pulses intercepted is equal 
to tha ratio of the receiver acceptance bandwidth to the receiver scanalng 
bandwidth, 


1.5.7 Deteetion and Anaiyels of Signals 

The theory of signal detactabllity is 4 specific application of general statis- 
ticai decision theory. The problen: Is ore of deciding whether e signal was 
present in the noise and interference cr whether only noise and interference 
were present. It differs ‘rom the usual signal-to-nolse ratio approach to 
receiver design by considering the objectives of the recelver first and work- 
ing backward toward the actual receiver design. On this basis, designs can 
be obtained which can be sald to be truly optimum; and nonoptimum re- 
celvers can be rated against the optimum. 

The history, mathematical development, and agsplications ef the theory 
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sre reylawed. Mu!tiple-decision problems and sequential detectisn processen 
as extensions of the theory are then discussed. 

The second section of the chapter summarizes methods of mathematical 
signal analysis that have been used in the past in various fields, including 
electromagnetic reccnnaissance. in reconmalssance, one of the raajor problems 
‘s that of defining a set of significant rnegaurable properties of the class of 
all signals. The relevant equations for the decomposition into classes and 
subclasses of signais are given and analyzed. Some physical measurements 
and apparatus useful in analyzing signals ore discussed; the measurements 
are meaningful for both stochastic and deterministic signals. A low-order 
statistics! anc’yser aystem for order-of-batile electromagnetic reconnasssance 
is gives, foliowed by a description of the signa: intercepts at the output of 
a reconnaissance recelver, 


1.5.8 Peyebophysics in Elecircnic Warfare 

The human belng may be considered an integral part of many systems 
employed in tie Geta collection, data storsgs, data dissemination and 
decision-making processes involved in modern warfare The “operating 
characteristics” of the human observer in man-machine systems may be 
apecified and quantified through the use of psychophyrica. 

Paychophysics employs the experimental methodology of psychology and 
makes use of statistical decision theory and Information theory In determin- 
ing the limitations and capabilities of the human component. 

Chapter 8 gives examples of analyses of conventional communications 
systems, rac iz rys.ems, and the effect of countermeasures action on these 
systems. The applications of the methods of peychopvhysica to the counter- 
measures problem are described In detail. 


15.9 The intercept Receiver 

Factors affecting Intercept receiver design are considered, Including lack 
of c priori information; Inability to use Integration techniques; complexity 
of signal characteristics; divergences in operational requirements; diver- 
gences In physical sequizements; requirements for wide frequency ranges 
and wide dynamic ranges encountered; complex data handling problems; and 
the presence of talve signals. The intercept probability problem is appraised 
with particular emphasis on the effect of this parameter on receiver design. 
Tre necessity, in designing a receiver, for taking into account the high 
signal densities encountered, and the consequent data handling problems 
are d'scussed, Consideration is given to the relationship of an intercept re- 
ceiver to a complete intercept system which, Ir addition to the receiver, in- 
cludes the antenna, possible suxillary display equipment, data processing 
and recording equipment, etc. 
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A very general relationship 's introduced, leading to a figure ci merit based 
only on the composite abilities of an intercept system to monitor simulta: 
neously both frequency and volume of space. The capabilities of receivers 
having various cheracterintics and configurations is reviewed in the light of 
this figure of merit. Sensitivity standards are considered, and methods for 
estimating received puwer and signal-to-nolse ratio are described. The f{ra- 
portant receiver characteristics, such as noise figure, bandwidth, gain and 
dynamic range, tuning range and tunability, and epurious signal response 
are considered, as they are affected by the environment in which the receiver 
is required to operate, taking Into consideration such factors es intercept 
probability and the time required to achieve interception. Direct detection 
recelyers for broadhand operation, with or without rf preamplificaiion or 
tunable preselection, including wide-epen electronically sweeping and mul- 
tiple-channel detection types sro described. Similariy, superheterodyne re- 
ceivers, mechanically or electronically tuned and with or without rf 
preamplification, are appraised. A particuiar case is the microsweep super- 
heterodyne, which has the capabiilty of sweeping through {ts entire tuning 
range In the period of one radar pulse, thus achieving perfect {fatercept 
receiving probability. Special requirements for CW reception, the intercep: 
tion of “varlable frequency” radars, other signal recognition problems, and 
receiver “look through” are reviewed. 


1.5.10 Direction Finding 

The iocation of enemy emitters is « prime intelligence datum io be gelned 
from an intercept system. Tc Getermine the source Jocation, the direction c! 
arrival of the received aignn) must be measured at several ociuts, The inter- 
section of the direction tines then iocates the source. The necessary angle 
coordinates are furnished by the direction finder at eaca location. Antennas 
used for this purpose sample the amplitude or phase delay of the incident 
wave front. Scquential or instantaneous ccmpatisons then Indicate the angie 
of arrival. The accuracy {n angle measurement generally increases with the 
availaole antenna dimensions {In wavelengths. Significanc bearlug errors eve, 
of course, introduced by propagation effects which muy distort the wave in 
a votlety of ways. The techniques chosen for measuring the direction of 
arrivai vary widely, and depend on the type of signal bviss intercepted, on 
the operating wavelengths, and on the local environment, L.e.. on whether 
alr, sea, or land-based operation is required. Although direction-finding 
methods occupy an Important place in navigation, communication, and detec- 
tlon systems, the reconnalssance function emphasized in Chapter 10 offers 
perhaps the broadest application of direction-finding techniques. 
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1.841 Tho Analysis of Reconnaissance Information from ihe 
Data Haudling Point of View 

Electroaic recounelesance data contains information. on the location ana 
echnical character of the various enemy emitters. The analysis of the dats 
' lected aims to extract this injormation. Der-..ding on the degres of pre- 
ciaion reached, the resulta are labeled Electronic Order cf Battle (EOS) or 
Eleetroale Intelligence (ELINT). Tho types of recelvers avallsbie for col- 
lecting enemy «ignals select a certain sample of the enemy emissions; the 
nature of the sample depends on the receiver characterisiice, but generally 
it contains a tremendous mass of iatgely redundant data. Analysis of this 
mass of data involves the perception of previourly ertaolished forms. The 
primary ansiysis function provides rapid clersification and indexing of the 
incoming aignals. In many cases, the primary classifications provide ay 
adequate Identification of the signals involved. A few of the coarse categories 
may bs further studied fn a secondary analys’s designed to extract the 
maximum information from a given signal, Many of the operations required 
in analvaie such ea digitalizing, sorting, and storing require high-speed 
machine techniaus. Others, such as complex waveform analysis and language 
translation, demand human assistance. Of course, the final step in analysis, 
namely, Interpretation and dissemination of intelligence information, is 
always a human operatior. 


1.6.12 Basie Types of Masking Jammere 

The general characteristics of masking jemme;z transmitters, Jammers 
capabie of obscuring Information, wre treated in Chapte: 12, The bandwidth 
of a jammer and its radiated power are both important factors In masking 
jamming. Wide bandwidths ore de:'rable if radars and radio recelvera cover: 
ing a broad frequency specirum are to be jammed. High output powers are 
required tc jam high-powered radars or to jam at .ong ranges. Genorally, 
bandwidth may be traded for power; i.¢.. high jammer powei owipuc may be 
achleved by ssecrificing bendwidth. Masking Jamming Is alow effected greatly 
by the type of medulation used. The modulation type, such «2 amplitude or 
frequency modulation, and the mcdulating waveform, such as a sine-wave 
or sawtooth functicn, determine how the available jamming energy Is dis- 
tributed in the frequency spectrum. Usualiy, {i is desirable to distrioute the 
jamaming energy evenly over she bandwidth wiih the algnal amplitudes fol- 
lowing a gaussian dist.tbution. The spectrum obtainea from frequency muod- 
ulation by nelse combined with frequency mudulation by a sine wave ap- 
proaches the “ideal” spectrum. Another means of obtaining such a spectrum 
ig the direct amplification of nolae (DINA), In practice, amplitude cistribu- 
ticn is not truly gausslan because high nolse peaks are sliced off either in- 
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tentionally or because of equipment limitations. Ciipping can reduce peak 
power requirements and can minimize power wastage !n the carrier. 

Masking ‘ammers may be placed in the categories of barrage jammers, 
spot jammerr, swept fammers, and sweep-lock jammers. Some jammers fall 
into two or more of these categories by hzving alternative modes of opera- 
tion. Barrage ‘ainmers are wideband nolse trensmitters deviened to prevent 
use of frequencies over wide portions of the electromagnetic spectrum. Many 
receivers can be jammed simultaneously, or freqvency-diversity radars can 
be jammed without readjusting the jamming frequency. Barrage jammers 
may not work effectively against systems which use high-powered trans- 
mitters because jammer power mey not be sufficiently high in the transraitter 
frequency band. Spot jammers, manually tunable tranaimitters which are 
amplitude cr frequency modulated by noise or by ae periodic function, can 
concentrate high power in a narrow band; these jammers can be used to 
mask specific tranamitters frora communications or reader receivers, Where 
tunable receivers cannot be used as an antijam feature, spot lammers can 
be used to good edvantege. Swept Jammers ere transmitters In which a 
narrowband jamming signa) is tuned over a broad frequency band. These 
fammers cembine the high power capabilities of spot jammers and the broad 
bandwidth of barrage jammers. An important {actor In considering the 
effectiveness of swept jammers is the dwell time, the period curing which 
jammer noise is in a vecelver's bandpass. A sweep lock-on jammer is exsen- 
lally a swent jummer with the additional feature of lock-on capability. The 
aweep lock-on jammer can concentrate much nolse power in a nacrow band. 
This type of jammer can lock on to & second signal much mere quickly than 
a spot jammer cana. 


1.5.18 Geometry of the Jemming Problem 

The locations of jammers and receivers affect the required jamming power 
levela, Equations are readily derived for articular geometries and partic- 
uler jamming situations; parameters entering Into these equations must 
be carefully considered for esch individual problem. As would be expected, 
the threshold of ititelligibility must be defined differently for each system 
and for each type of Jamning signal. Some of the factors which eppear when 
considering geometrical relations In radar jamming include the famming 
noize-to-signal ratio at the receiver, receiver bandwidth, range between jam- 
mer and receivers, antenna gains, and radar cross rections. How a particular 
jamming situation is examined determines which of these and other factors 
enopesr in the equations. Fer example, if a self-screening afrborme radar 
faminer is aboard the target aircraft, the minimum range at which the 
jammer is effective is expressed in terms of the .adar peak power, the rader 
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transmitter antenna gaia, the radar recelver bandpass, the jammer power per 
magacycle, the jammer antenna gain, the radar crose section of the target, 
the ground reflectior. factor, and the camouflage factor. For the case of 
jamming a search radar from a target aircraft carrying the jammer, many of 
these same expressions can be used in deriving an equation. Here the final 
equation may be a comparison only of maximum detection ranges out of and 
in a jamming environment. The ratic of the ranges can be expressed simply 
in terms of the normal minimum detectable signal and the mininvum detect- 
able signal in the preseauce of jamming nolge. For communications jamming, 
two ranges, that between the communications transmitter and the receiver 
and that between the jaramor transmitter and receiver, must be considered. 
'™n a case auch as this one, more attention must be paid to propagation con- 
ditions since the tranamiszion paths are not the same for the comniunications 
and jaraming sirnals. The geometrical picture of the radio proximity fuss: 
jammil: g problem is more cornpiex tksn those of communications and radar 
problems. It is necessary to consider the trafectory of the fuzed missile, the 
location of the jammer, and the target area to be protected. If a fused missile 
is te be predetonated at a certain height above the yround, the jamming field 
strength rnust be sufficleatiy greeter than the threshold field strength above 
this height. Other, more complex, geometry problems involving the use of 
jammers exist. For example, a difficult eltuation to evaluate would be one in 
which multiple Jammers are used against air-to-alr missiles by alrcrait fying 
in formation. In such a case, to determine ths volume of protection, the 
pattern of the !smmers’ antennas, the jammer powers, tae spacing between 
jammers, aad the direction of arrival of & misalie, al! must be taken into 
account. 


1.5.24 Effectiveness of Jamming Signals 

The problems of evaluating the effectiveness of jamming signals in search 
radar, tracking radar, and communications situations are treated in Chapter 
14 with consideration being given to those signals established as being 
feasible of generation and effective az electronic countermeasures. 

Firat, the general concepta of determination of effectiveness of signals Is 
considered; then search radar is discussed from both theoretical and experi- 
mentai polnts of view. Criterla are established, and the responses of recelvers 
to DINA and FM:-by-nolse jamming are ascertained. The influence of 
standard antijamming techniques on the effectiveness of the jamming is 
considered. 

In tracking radar, the influence cf the type of tracking employed on jam- 
ming signals to be used la established. Experimental methods of determining 
jamming effectiveness are discussed. 

The jamming of data links is considered only briefly. Results of jamming 
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voice-communicaticus systems of common types where continued degradation 
rather than threshold type of failure is experienced are shown to be de- 
pendent on the evasive action nermitted the receiver, particularly in the FM 
case. A valid measurement technique for the establishment of jamming 
effectiveness in communications systems is noted. 

At the time of the writing of Chapter 14, little quantitative information 
was available regarding the «ffectiveness of signala in Jamming of single- 
rideband and pseudo: andom communication links. 


1.5.15 Radar RCM Repeaters and Transponders 

The advent of broadband radio-frequency amplificvs, such as traveling- 
wave tubes end distributed amplifiers, and of e:ectronically tunable osctl- 
lators, such es backward-wave oscillators or carcinotrons, has made possible 
the develenpmert of janiming systems which are relatively sophisticated in 
comparison with brute-force barrage-jamming equipment. These sophisticated 
systems generally are designed to deceive the radar operator by producing, 
on the radar scope, ‘alse targets or targeta giving incorrect information, as 
contrastec with Larrage or spoi-jamming systems, which depend upon ob- 
scuration of the radar scope. Deception-type systems may employ elther 
repeaters (devices which amplify and reradiate ths rader zignsi, adding 
incorrect information) or transponders (devices which produce similar effects 
by means of local cactiiators and memory circuits). Repeaters and trans- 
ponders have advantages with respect to brute-force devices In thet thelr 
pover-cutput requirements are relatively low; and in many situations, decep- 
tion is achleved without betraying the fact that countermessurer are being 


emnloved. On tha athar hand , barrage s and sont lasurers possess she sdvan- 


tage of universality, 

Apalysie shows thet the gain required In a self-screening repeater is 
inlependent of the range, and is, in fact, a function of the ratio cf tne 
effective zvadar crous section to be simulated to the capture area of an iso- 
tropic radiator. On the other hand, the power requirement is in accord with 
the usual jamming equation, ard is inversely proportional to the square of 
the range. 

Various types of repeaters are described, including straight-through repeat- 
era, swept repeaters, and gated repeaters. Such repeaters may be used to 
change the apparent size of the target. In the case of the swept repcater, the 
disruption of the operation of seml-active systems utilizing doppler shift 
may be effected. 

In addition. as dlacussed in later sections of Chapter 15, various deception 
techniques can be incorporated to produce false targets or to generate false 
range or bearing information. 

Single frequency transponders have been used for some time to produce 
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false target information in a limited frequency range. This techniqve has 
been exiended to the development of search-lock-jam transponders covering 
@ broad band of frequencies, utilizing traveiing-wave tubes and backward- 
wave osciilators. In such transponders, a sweeping oscillator stops sweeping 
when it encounters the radar signal end triggers on s jamming transmitter 
on the same frequency. Such search-Icck-jam transponders acan the eniire 
frequency band in the period cf a single pulse. 

Devices for obtaining broadband amplification are discussed, including 
Gistributed amplifiers for low frequencies (below 400 Mc) and traveling- 
wave tubes for microwave frequencies, Electronically tunable resonant cir- 
cults may be used for the rapid tuning of oscillators in the low frequency 
ranges. Backward-wave oscillators and carcinotrons are useful in the micro- 
wave range. 

Deception techniques include false target generation, employing straight- 
through repeaters sensitive to minur lobes of the radar antenna, and gener- 
ating false targets of a constant range but vary!ng azimuth. Another highly 
effective deception technique, employed against tracking radar, is “range gate 
puil-off.” This technique is implemented by means of a repeater with fre- 
quency memory, which records the frequency of the received signal and 
reradiates the signal after a lapse of time, which is successively and con- 
tinucusly increased in order to pull off the range gate in the radar receiving 
equipment. Other repeaters or transponders may employ scan-rate moduia- 
tion to generate large error signals in the radar servo loop. Bearing errors 
may be introduced into lobe switching or conical scan radar tracking systems 
by means of inverse gain moduletion, which returns strong signals when 
weak ones are received, and vice versa. The velocity gate in active radar 
systems of the CW doppier type may also be pulled of by Varying thé 
frequency of the return of the .epeater or transponder, 


1.5.16 Fuse and Communications Repesters 

The application of repeater-type jammers against radio doppler proximity 
fuzes and communication links is discussed. In comparison with other fuze 
countermeasures equipments, repeaters have a bigh potential against broad 
classes of radio doppler fuzes. Simple repeater Jemmers have little merit 
against communication links; however, variations from a salmple repeater 
may have value ag a communication jammer. 

A brief theoretical discussion is given of the single-channel radio doppler 
fuze, Including the following types: CW, FM, PD (pulsed doppler), and 
nolse, A more generai description is given for zpecia! fuzes arid multi-chsnne) 
fuzes. A basic range equation which relates the range at which a fuze will 
be predetonated to the fuze parameters and repeater jammer parameter is 
given. 
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The problem of obtaining sufficient isolation between input and output of 
repesters to prevent oscillation has led to wide use of tlme-shared repeaters. 
Distributed amplifiers, when used as the final ampilfier of superheterodyne 
time-shared receivers, also serve as the tranemit-receive switch. Basic con- 
figurations and special problems associated with superheterodyne time-shared 
repeaters are discussed. The special characteristics and applications cf iong- 
and short-delay repeaters are discussed. The operation of a superregenera- 
tive repeater is deecribed, and its application as a fuse jammer Is discussed. 
The usefulness of the superregenerative repeater !s limited by the fact that 
it is imprectical to maintain an artificial doppler shift, and the rf band which 
can he covered effectively with such a jammer is very narrow. 

Care must be taken in the use of repeaters against volce-communaication 
links since simpie repeaters may actually augment the direct trasamission, A 
“‘pebble-of-voices” jamming signal can be generated by demodulating the 
communication signal ther retranamitting the carrier with some new form of 
modulation which may be related to the original modulation. 

Coded radio-tranemisaion links are classified 2¢ asynchronous or synchro- 
nous. The informatior bandwidth of asynchronous coded radio lnks, suck as 
common teletype, is small, and the epectrum of the transmitted signal ir 
comparable in bandwidth. Efficient jammers for thie type ink can be 
produced. As the degree of synchroniam {s Increased, the jamming problem 
can be made increasingly difficult. Special features of synchronous systems 
using pseudo-inolse encoding, which make them susceptible to jamming, arz 
digcussed. 

The advantages of jammers with provisions for monitoring while jaraming 
are discussed. Examnies of lammers of this tyne are cited, 

1.5.17 Programmed Automatic Jamming Syetems 

The timeliness which i2 essential to the effectiveness of many jamming 
eperationa has created a continuing interest In automatic systems. For single 
cases, such as jarnming of a specific type fuze, a repeater which responds 
only te the specific type of signal radiated by the fuze is al! that is invoived. 
For more complex casea, such as protection cf a strategic bombing mission 
that passes through friendly, early warning, area defense and local defense 
zones, more elaborat- programming ’s required. The key to programming !s 
mode selection, Selection of mode of operation may dvpend on instructions 
fed Into the programmer before the mission, updated instructions communi- 
cated to the vehicts carrying the jammer during the mission, or current In- 
formation based on Intercept and analysis of enemy signals during the actual 
jamming periods. In the example of the strategic bombing missions many 
inputs and responses must be accounted for. Inputs may be: type of radar 
to be jammed, directlor of radar, frequency, scan rete, pulse repetition fre- 
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quency, etc. Responses may be designed to decelve the enemy as to the direc- 
tion or size of the attack force or to conceal the attack foreo completely. 
Capacity of the mode selector in terms of numbers of input signals, instruc- 
tions, aad decisions possible must be compatible with rellability and weight 
requirements as wol! as with the type of mission. Geographical programming 
may be used, hased elther on preprogrammed mission instructions or on {n- 
puts from « navigational syatem. This method may provide weight and 
simplicity advantages, In all cases adequate attention must be given to inter- 
ference and electronic compatibility and to provision for self-testing of 
components or programa within the jammer, 


1.5.18 Confusion Reflectors 

The radar echo frora a target can be masked not only by jamming signals 
but alzo by other echoes. Such echoes are produced by cenfusion reflectors 
specifically dcaigned for this purpose. Tne simplest confusion retiectore, 
called chaff, ure very fine foll strips cut to resonant lengths. At longer wsve- 
lengths, untuned lengths of foil, called rope, are commonly used. In both 
cases, the echolng area is very iarge in proportios. to the weight of material. 
Indeed, the basic purpose of confusion reficcters In te provide a large echo 
over a broad frequency band in a compact, lightwoight package. Tne Ge- 
signer of confusion reflectors attempts to place a sufficient number of false 
targets about the real target to render difficult its radar icentiiication ana 
tracking. This requires rapid and uniicrm dispersal of the iz'vidual ele- 
ments after ejection, as weil as a slow rate of fall of wae reasuiuing cicud. In 
principle, the different velocity of the real target permits the radar to die- 
criminate againat surrounding confusion reflectors. However, the ‘schniques 
required to perform the necessary diacrimination Umit the over-all per- 
formance cf the radar. Only a slight degravation of this sort may strongly 
affect the outcome of an engagement. For example, a tracking rader iisy be 
forced to reacquire Its target because cf the nolselike signal introduced by 
chaff. In an. engagement between high-velocity vehicles, the resiting loss of 
guidance Information may suffice to cause the attack co fail, Similariy, in a 
search radar syatem, when tne number of targets apprcachzs the evailable 
capacity, the Introduction of added discrimination requisemerts may saturate 
the ayatem. 


1.5.19 Target Masking and Miocification 

The echo from a target 's determined by its geometrical shape and by ihe 
reflectivity of its kurface. By controlling these factors, the radar visibility 
of a target can ba reduced or Incresszd. In the cac® of real targets, & reduc. 
tion is desalted, while {a the case of false targets, enhancement of the echo 
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in acught. Shepe fectors control the direct/onal properties of tho reflected 
signal, Thus, a flat surface, large comzared to the wavelength, concentrates 
the reflected energy in a narrow beam; unless tne surface ly exactly norms! 
to the incident signal, taere {s no refiectlon toward the source. Conversely, 
three reflecting planes at right angles reflect the incident energy back toward 
the source. These two types of surfaces reanectively reduce and enhance the 
radar visibility over a wide range of aspect angles. Absortent coatings can 
be made effective cver 3 limited band of frequencies and engies of incidence. 
in general, the wider the range of performance, the buikier the material 
becomes. The extent to which the countermeasures designer can control 
shape and surface parameters is usually Umited. This !s particularly true in 
the case cf airframes. However, for ground targets, very effective transforma. 
' tions of the radar scenery have been achieved. 


1.5.20 Decoys 

\n effective defense must send weapons ageinst all targets that are threats. 
When the number of threatening targets exceeds the supply of weapons, then 
the excesa cannot be engaged at all. The alm of decoys Js to provide enough 
false targets interspersed with the real ones to saturate the defense in 
chis manner. The key to the decoy problem {a evidentiy the discrimination 
batween true and felse tergets which can be exercised by the defense within 
the time and apace Iimits of the engagement. Accordingly, the decoy Ceaigner 
sttempts to make discrimination dificult by closely simulating the radar and 
infrsved characteristics of the resi target. Since the decov must be substan- 
tlaily leas costly than the real target, only the critical charac'er!stics can be 
treated. Even with this limitetion, the cost of a flock of decoys expended in 
one engagement may be high. Ageinst this coat must be balanced the cost of 
other protective measures. The pessiility of Improvements in radar dis- 
crimination must also be considered, since a slugle change in radar technique 
might unmask the decoys and render them useiezs. The interpiay of thes: 
factors gives the decoy problem broad scope in countermeasures, even 
though its practical application has been Hinited. To illustrate the many fac- 
tors involved, the problem of decoys for heavy bombers is considered in 
Chapter 20, The ground defense, bomber, and decoy characteristics ali enter 
this stud, 





—_ 


1.5.21 Characterietics of Infrared Radtetion 
Infrared refers to the portion of the electromagnetic spectrum lying be- 
tween the visible and short-wavelength microwaves. Since all objects at a 
temperature above absolute zero emit infrared radiation to some extent, 
many objects of military Importance are unavoidably good infrared targets. 
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The wavelength region from 1.2 to 7 microns {s ct present the moat im- 
portant from the militavy standpoint. 

Some of the advantages of infrared over microwaves follow. (1) Much 
greater resolution can be obtalned with infrared devices, which wae very 
much smeller “apertures” than microwave devicea do. (2) Many infrared 
systoms are passive. (3) In an active system (¢.g., communications), the 
energy cannot be intercepted by th. enemy without getting directly in the 
beam. (4) The electronic circuits are usually simpler and cheaper than those 
in microwave devices. 

Sorne disadvantages of infrared aa compared to microwaves follow. (1) 
Cloudz and water vapor greatly reduce the effectiveness of infrared systems. 
(4) Background radiation, particularly in daylight, {s often troublesome. 
(3) Infrared sources end detectors cannot be “tuned’’ as sharply as micro- 
wave devices. (4) Paseive infrered systems do not give range information. 

Detectors which have found the widest application among raulltary Infra- 
red devices are tne high-sensitivity, short-time-constant photoconductors 
auch as Sead suifide, iead telluride, and indium antimonide, Thermal detec- 
tors such as bolometers and thermoplies are uses less frequently in military 
applications, especially in the ahort-wavelength regions, bsecuse of thelr 
relatively slow response and, frequently, low sensitivity. 

Tue chief military uses of infrared are in tracking, la mepping, and in 
communicaticns. Tracking devices nave ‘cund wide application {n air-te-alr 
and surface-to-air missile syetems. These passive devices track the radiation 
from aircraft engines. A number of infrared scanning devices have also been 
developed for cbtaining high-resolution mapz of ground Inst: «tions, Infra- 
ted strip maps can be used to idantify objects which cannot be identified 
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1.5.22 Infrared Countermeasures Techniques 

Most military infrared devices are passive in that no active source is 
required to flluminate a potential target. These devices cnerate solely on 
radiation which originates from their intended target. Because cf this, prac- 
tically all infrared countermeasures are based on two basic concepta: these 
ure the concept of a false target and the concept of suppressing radiation 
from potential targets. Considereble study hes been devoted to the use of 
decoys us faise targets against alr-to-alr missiies attacking subsonic fet alr- 
craft. The aecoy In its most commen form conalsts of a pyrotechnic flare 
similar to those whicis have been used for illumination and identification pur- 
poses. Those factore which are Impcrtant In designing and using « flare pronerly 
include infrared intensity ratio between flare and aircraft, flare trajectory 
with respect to the flare-dispensing aircraft, charecterlstics of the missile 
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seeke:, and the niussile guidance criterion. Decoys might be uzed more ef- 
factively if they are used in conjunction with some form of radiation reduc- 
tion. Shielding ard cooling of jet engines can be used te alter the radiation 
pattern of aircraft such that the zone in which these alreraft can be tracked 
by infrared seekers is reduced. Infrared engegement warning systems can be 
used to detect rocket radietion of alr-to-alr missiles. When a launch is de- 
tected, countermeasures can be initiated. Such warning systems do not have 
the cepability of indicating whether the missile is an infrered or radar- 
guided weapo:. 

Decoy radiativia sources and camoufiage techniques could conceivabiy be 
used to protect grouad inatalle:ions. However, the most effective means tor 
the protection of ground [nezallations appears to be the use of screening 
agents such ac smokes composed of clastic particles, Principal problens in- 
clude producing a sufficient queatity cf smoke to protect a large area, the 
setting rate of the particles, and the toxicity of the matevtal uced. 


1.8.28 Underwater Acenstic Countermeacures 

Chapter 23 describes the basic concepts of underwater acoustic counter- 
measures, including system description and design requirements. The ocean 
presents a very poor environment for the propagation of electromagnetic 
waves; therefore, underwate: communication and detec‘ion must rely on 
other jorms cf energy propagation. Acoustic energy Is most commonly used, 
both In the sonic and ultrasonic frequency ranges. The word “sonar” is vsed 
to describe, in genera’, the cletection and tracking of underwater targets, 
whether dy passive listening or uctively transmitting pulses. 

The general functlona cf intercept, jamming or masking, and deception 
are discussed, and the special probiems associated with surface shin and 
submarines are considsred. Nonacoustic methode of aatection are currently 
unable to detect a submerged submarine, although rosearch efforts which 
may prove effective are being made. Tne modern eubmerine is essertialiy a 
trie submersible; thus, acoustics provide the only ready approech to detect- 
ing and destroying submarines. Submarines, therefors, should be primarily 
capable of countering acoustic detection and attack. 

The submarine platform is used as the basis fcr developing a counter- 
measiire system and showlng the relationships of the subsystems. A func- 
tionally integratect system is described which performs the functions of 
intercept, signal analysis and display, tracking of noisy targets, and auto- 
matic control of both moumed and expendable jammers. 

Design requirements for interception, jamming, deception, and vehicles 
are given. The basic difference between an intercepx receiver and a passive 
sonar is that the former is designed to intercept deliberately transmitted 


‘iP ares  Pae  S eS . es Lg 
NASA TE EP TE PS SE SO NS DEAE LETTE NRL OT TT A) nS NTS 





LAE ETL | ET RT A He CY Te 


beceeeerteeeeen, Snr“ emameemnitiie til naib WAG enemies cern A emer rl 


hh Ey arr EE a I 


1-25 ELECTRONIC COUNTERMEASURES 


signals, whereas the ‘atter is designed to detect nolee chips make In tranalt- 
ing the seas. Special problems associated with the design of passive sonar 
systems are discussed. Requirements basec on system onerating parameters 
are given. 

The relative merits of masking and jamming are given, Design require- 
ments for jammers are discussed fp relation to the system-operating para- 
meters. Specific jammers are described end exampies of jemming effective: 
ness against sonar ore given. 

The generc! battle sitvation in which the need for deception devices arises 
is described, and decoys wh'ch imay be used to zimutate a submarine are 
discussed. Jammers used in protecting elther submarines or surface ships 
may be mounted on towed or expendable-type vehicles, The requiremen.s 
for such vehicles are considerably different for the two platiorms. Tha re- 
quirements and deaign of these vehicles are discussed, 


1.5-24 Cireuits 

Chapter 24 ia a compendium on circuit techniques, techniques which may 
be applied to devices in many fielda besides thst of countermeasures. Linear 
video amplifiers are described with empiiasis on the time or transient rs- 
anonse of these amplifiers to » square-wave input. How rise times, consider- 
sbiy snofier than .° cs obtalnabis with video amplifiers, cai be odiained 
with additive ampimers (such as distributed amplifiers and spiit-band amoll- 
fiers) {s ulzo discussed. 

A section on falter amplifiers treats the sudject from the standpoint of 
frequency response. In many systems, there is a requirement fcr producing 
a signal gain over a cand and for rejection of signals outaide of this band. 
As examples, !-f amplifier, with and wiihout staggered tuning, are discussed. 
The effecta of single and donble-tuned interstage networks are also described. 

The general characteristics of passive frequency-selective filters are de- 
scribed briefly. There {a a similar section on time-domain or correlaticn 
filters, Other circuits briefly discussed Include amplitude Hmiters, super- 
regenerative circuits, and locking-in oscillators. 


1.5.25 Mechanically Tuned High-Power Oscillators and Ampli- 
fiers 
Historically the development cf new applications of electronics {na war- 
fare, other than countermeasures, has gone hard in hand with the develop- 
ment of new devices for power generation, modulation, tuning, rf switching, 
etc, For exam,'¢, radar development was made possible and hes continued 
with development of high-power, pulse-modulated tubes; high-power modu- 
lator tubes; gaseoisa TR tubes; ferrite isolators circulators; and antenna 


OWI genre Nee eee Pe ae op same Iie AT FOE PRAT OE DOT A TE PCLT: Tee SSE; 


RTE een nec cc ree ee cc eee ee ee een Oe eee Oe eee eee 


CHARACTERISTICS OF ELECTRONIC COUNTERMEASURES 1-2! 


awitching elements. Requirements and the value of countermeasures equip- 
ment to destroy or minimize the effectiveness of radar were definable as 
radar chevscteristiics; anc limitatlons become known. Thus, ths general 
cheracter!stics of devices useful in the countermeszures application kave beer 
defined and are weli known. Some of these are: broad bandwidth, high cw 
power, wide tuning range, rapid tuning, high efficiency, and susceptibity to 
a variety of modulations. t¢ is characteristic of countermeasures-device de- 
velopmenia that thay have been “forced” In reaction to the development of 
terget equipment. Thin has led to much use of state of the art development 
and relatively rapid obsolescence. 

Chapters 25 through 28 cover the background and present victure of 
device developrnent. 

The first significant serles of developments beginning during World War 
if and centered around more or leas conventional mechanically tuned triodes, 
tetrodes, magnetrons, and klystrons. The magnetron by virtue of {ts basic 
hig* efficiency and algh power capability has been ad still is widely used 
in the microwave region. Below 1COO Mc, tetrodes have been a atrong com- 
petitor. The kiystron has suffered primarily becuse of the interrelated 
relatively low emmciency, tunability, and bandwidth problems. Accessory 
equipment such as modulators, filament control, focusing magnets, and mag: 
netic supplies have been the source of many difficult problems primarily 
&ssociaied with size and weight of equipr-ent. 

Developinent of counter-countermeasurea such as frequency-diversity radar 
has jimited che sppilcability of mschanically tuned cevices and stimulated 
the development of direct generation of nolae for barrege-type jamming 
and electronically tuned devices discussed in tho faliowing sections. 


1.5.26 O-Type Mlerawave Tubes 

The Invention of the traveling-wave-tube amplifier with its bas!e broad- 
band characteristics was the beginning of a series of developments capitaliz- 
ing on the basic principles of interaction with traveling waves in both 
nonre-entrant and re-entrant structures. Design of beam-forming ejectron 
guxs, magnetic focusing, and slew-wave structures have progressed together 
to improve noize characteristics for recelving applications and power and 
efficiency charac’ ‘istics for transmitting applications, 

The discovery . d applicatin: of backward-wave interaction led to another 
importent feature, electronic tuning, orders of magnitude faster than wae 
possible mechanically. 

This type of tube, classified the Q-type tube, includes all traveling-wave 
types, and amplifiers and oscillators not having « magnetic field perpen- 
Gicular to the flow of electrons, O-type tubes find thelr most significant ap- 
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plication in receivers. As power-trangt:ii:ing tubes they suffer from low 
efficiency, generally less than 30% for torward-wave structures and of the 
order of 10% for backward-wave electronically tunable structures. Back- 
ward-wave oscillators have generat: | frequen sea up to 100,000 Mc at milll- 
watt power levels, Several hundrec’ atts hove been achieved at S-band. 


1.5.27 Crossed-Field Misrowave Tubes 

Probabiy tho most significant single factor since World Wer II in the 
development of potential for Jamming capability has been the increase in tke 
versatility of crossed electric- and magnetic-fisld microwave power generators 
and amplifiers. The mechanically tuned magnetron which has been basic to 
moat microwave jamming systems is notable for its high efficiency and rela- 
tively high power capabilities. However, it does not provide all that the 
designer requires in flexibility when one considers modulation, tunaollity, 
bandwidth and emplificetion requirements, The so-cailed Ad-type backward- 
wave oscillatcrs and amplifiers (34 for magnetic), Biterraitrons, voltage- 
tunable magnetrors and, more recently, crossed-field forward-wave empiifiers 
have done much to remove these |!mitations. 

With the high-power bhackward-wave osciilators, 200 te 400 watts can 
be obtained at any frequency from 200 Mc up to 11,000 Mc at 20% to 40% 
efficiency, Tuning ranges of 30% to 50% ere nosilble. Radiated noise band- 
widths up te 25% of the operating frequency are possible. Power outputs in 
excess of 1000 watts are availabis below 3000 Mc; !0 kw has been obtained 
in the 200- to 400-Mc ranges. 

With a Bitermitron (backward-wave amplifier) and osciilator driver, com- 
bination power outputs in excess cf 100C watts have been obtained !n the 
2600- to 2200-Ms sange, and 4£0 watts huve heen obtained at Y-band, At 
high power levels, ti Bi:ermitron is more precisely described as a locked 
oscillator than as an arnpiifier. At low power leveis, with the tube acting as 
& supsrregenerative amplifier, gains from 50 to 79 db have been obtained at 
S-band, Stability in this moda of ¢ peration requires careful attention to the 
design of accessory citcultry. 

The voltage-tunable magnetron has simplicity as its great virtue. It fs 
inherently low power and low efficiency for tuning ranges similiar to those 
of backward-wave oscillators but has many applications as a local osci!- 
lator or driver in ZCM systems. When it Is associated with a power travel- 
ing-wave tube, very flexible janiming-svstem: design is possible since it can 
provide driving powers of | to 7 watts tuned over a 2:1 frequency range. 

If the tuning range is restricted to 10-15%, 50 ta 100 watts of output 
mower Is achievable at greater than 509% efficlency. Above 6000 Mu, the 
power output Is restricted toa thy milllwatt favel in the preaent state of the 
art. 
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Future developments promize higher powers and slightly increased efficien- 
cles for all of these tubes combined with the attractiva features of wide 
bandwidtk and electronic tuning range. 


1.6.28 Ferrfmagnetic, Gaseous Electronic, and Ferroelectric 
Devices 

Ferroelcctric, ferrite, and gaseous electronic devices avem to be unrelated. 
However, at frequencies below 50C to 1000 Me, ferroslectric and ferrite 
dovices exhibit analogous dielectric and magnetic nonlinearities applicable to 
clectronic tuning, modulation, and other parametric applications. At fre- 
quencies above these values, ferrite and gaseous electronic devices in the 
presence of a magnetic field exhibit analogous magnetic and dielectric ten- 
sors, Cependent on the applied magnetic field, leading to nenreciprocal wave 
propagetion, variable phess shift, wave switching, variable attenuation, and 
diglectric breakdown. Tere phenomena find many potential applications in 
countermeasures equipment. 

The control of properties of ferroelactric and ferrite ceramics, aa well as 
gaseour electronic nedia, is relatively difficult to achieve. Certain inherent 
properties, suck as temperature and frequency sensitivity, ulso create probd- 
lems. However, much progress has been made in the apolication of these 
devices to tuning of search receivers, antenna switching, modulation, broad- 
band isolation, arnpiitude regulation, and limiting phase-shiit control and 
polarization rotation. Continuing effort will mature these applications and 
discover more. 


1.5.29 Antennas 

The impedance enc radiation properties of antennas sre corsidered in 
generel; and im detall for the countermeasures spplication. The input im- 
pedance of the antenna fs expressed in terms of the voltage standing-wave 
ratio. The radiation pattern Is s two-dimensional plot of the variation of 
antenna response as the antenna {fs rotated ebout a specified axis. The power 
gain of an antenne is defined as the ratio of the power delivered by the 
antenna to the power which would be delivered by an Isotropic antenna 
located at the same point in the incident field. (An isotropic antenna is an 
idealized, and fictitious, antenna whose radiation pattern is a circle for any 
Orientation of the axis o. the pattern.) The directive gain of an antenna is 
defined in the same fashion as the power gain except that the antenna Is 
asaumed to be free of losses. \t is useful to rafer to the aperture, ometimes 
called the collecting aperture, or receiving cross section of an antenna, and 
to define effective gain and effective aperture as the values observed when 
the load is mismatched by some known amount. Aperture efficiency is the 
ratio of the aperture of an antenna to its physical cross section. 
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Bandwidth considerations particularly important for ECM applications 
ere discussed. Zt !s shown that every radiating device is a high-pass struc- 
ture and that, the higher the Q of an antenna, the more diffcult it is to 
match over a wide band. The jamming equaticn {s stated, and the effect of 
the gain parameters in this equation is discussed with particular reference 
to the development of optinum jamming antenna patterns. Examples are 
given of optimum patterns for various situations. Similar treatment {s given 
to optimum intercept antenna patterns. 

Typical ECM antenna designs are described, including electric dipoles, 
magnetic dipoles, heilcal and spiral anteunas, logarithmically periodic anten- 
mas, Lorn antennas. reflector-type antennas, surface-wave antennas, and 
antennas for direction finding; and thelr VSWR and pattern characteristics 
are discussed. Siting problems are reviewed in a gener: fashion. 


1.5.80 Supplementary Circults end Techuicues 

In Charter 30, an associated group of techniquis, which are of special 
value in the cesign of countermeasuves equipment, are described. The main 
subheadings of the chapter are Receiver Circuits, Ansiyzer Circuits, Trans- 
mitier Circuliz, and Recording Techniques. 

Under each subheading 2 brief discussion is given of epecial requirements 
placed on countermeasure equipments, and specific techniques for handling 
some of the requisements are described. Circuit diagrams or block diagrams 
are shown for ail techniques discussed. All discussions are based on con- 
cepts and techniques which have been demonstrated with working models 
of equipments. 


15.81 Propagation 

Aspects of propagation which are of most direct ccincern in electronic 
countermeasures, and particularly in radar countermeasures, are considered 
in Chapter 31. Since the propagation characteristics of the transmission path 
afiect both active countermeasures (powo! jamming and deceptive Jamming), 
and passive countermeasures (detection, location, and detailed signal analy- 
cis’, attention is given to both cf these functions, in addition to the propage- 
tion question in general. 

In the case of line-of-sight propegation, the free-space propagation equa- 
tion, given in Chapter 31, is affected by molecular absorption, ionospheric 
dispersion, tropospheric refraction, jonospheric absorption, tropespheric dia- 
persion, lonospheric refraction, and polarization. In tue absence of any of 
these effects, a sample figure of 157-db attenuation applies to transmission 
at a frequency of 100,000 Mc over a distance of over 10 miles; at 10,000 Mc, 
over a distance ci over 100 miles; at 1000 Mc, over a distance of 1000 
miles, or at 100 Mc, over a distance of 10,000 miles. Thus, other things 
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being equal, free-space propagation favors ths lower frequencies. Molecular 
absorption modifies this sample result considerably. The rrincipa! gaseous 
molecular sbsorption bands exist at frequencies of 22 kMc (H,0), 60 kMc 
(Os), 119 kMe (O;) and 170 kMe (HsO). Because of auch molecular ab- 
sorption, the losses in the trangmilasion path may be increased by unex- 
pectedly large values. For example, vertical tranemission to a height of 10 
miles at 60 kMc may be subject to sn additione] 100 db of loss dus to 
oxygen absorption. A tangent ray traveling to a height of 300 miles may 
experience absorption as high as 4600 db at 60 kc. 

Ionospheric ebsorption in the case of 2 radio wave propagating through 
the ionosphere has a negiigible effect at frequencies above 30 Mc. Tropo: 
spheric dispersion also has a smali effect, In comparison with the absorptior, 
suffered over & given path. Phase distorticn {a encountered due to ionospheric 
dispersion. Elowever, it {a found that reiatively narrow pulse widths can be 
transmitted through the ionosphere without excesalve distortion. For exazple, 
the minimum pulse width at 1000 Mc !s 0.2 peec; and at $000 Mec, 0.02 
psec. Accordingly, ionospheric dispersion is not usually a serlous problem. 

In line-or-sight propagation, variations in the Index o7 refraction of the 
atmosphere cause small changes in direction of arrival, which, however, may 
result in destructive interference. Tropospheric reivaction, where strong 
stratification of the atmosphere exists (ducting), results in strong downward 
bending of rays within line of sight and angles of arrival higher than would 
be the case under standard conditions. Similar downward bending lz caused 
by ionospheric refsaction, even when the frequency !e sufficiently high to 
penetrate the lonosphere. Changes ir polarization, when trangmitting through 
the jonosphere, may also affect the lne-cf-sight case. 

Transhorizon propagation may result from the phsnomenon of refraviive 
bending. In addition, there are other mechanisms such as diffraction, ecat- 
tering, and reflections from meteor trails and auroras which keip circumvent 
the limitations of the horizon. Tropospheric refraction resulting from tem- 
perature inversions and strong vertical numidity gradients may permit trans- 
mission far beyond the horizon. Signal levels in a duct may average sround 
the free-space level appropriate to the distance covered when well beyond 
the horizon. Tonospheric refraction. and reflection are effective at horizos dis- 
tances genevally below i00 Mc. Tropospheric scattering effects result in 
extenued tranamission beyond the horizon. A usefyi, though not exact, rule 
of thumb for estimating signal levels at frequencies in the general regicn of 
several hundred or a few thousand megacycles is to consider the signals at 
100 miles to be 60 db below the free-spcce value, and to be decreasing ai 
0.17 db per mile. Tropospherlc ecattering ulso has the effect of spreading 
the power over # range of angies 1° cr 2° In extent. 
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History of Electronic Countermeasures 


D. B. HARRIS, H.C. LORENZEN, §. STIDZR 


&.1 The Develepment of Countermeasures Through Werld War 


3.1.1 The Zarly Days of Ziectranic Warfare 

Electronic warisre was first employed e3 « preliminary to the EBattle of 
Jutland. In the days preceding 31 May 1916, the Admiral of the Fieet, Sir 
Henry Jackson, urnployad evidence of coastal radio direction finders under 
Admiralty supervision to detect movemeat of the German ficet. The changes 
in ths apparent directions of arrival cf redio signels from the enemy fieet 
were very slight, but Sir Henry dared to move the opposing British flzet on 
the basis of this information. An interesting related fact is that the British 
ad the code books racovered when the German light cruiser Magosburg 
ren aground sicng the coast of the Russian Black Sea two years earlier; 
hence the damage infilcted by the British was no secret aa ite Battle of 
Jutland developed, since the Admiralty was able to decode the German 
radio messages. 

The British Admiralty and the U. S. Navy later worked together as a 
sclentific team, even before 27 June 1940 whew the Netional Defense Re- 
search Committee was formally established in tne United States. The Navy, 
as well as the other Services, has continued to be active in the ECM effort, 
to this day. During World War II the Navy effort was centered at the Neval 
Research Laboratory in Wasnington, where in-house research wes carried 
on by the NRI. staff. This Naval Laboratory served to fill the Navy’s urgent 
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fleet requirements until the innamediate threat could be neutrailesd and com 
mercial talent could be brought into pley to furnish the production quantities 
of the equipments needed. 

Similarly, effort in the ECM field on the part of the U. S. Army, by the 
Signal Corps, provided the ground-based and airborne U.S. Army Alr Corpe 
equipments, Direction-finding (DF) techalques in the hf band had siready 
been developed to give satisiactory performance rior to Woria War II. 
Ground-based end airborne direction finders were developed by the U. S. 
Army Alr Corpo. Wher. experiments showed radar te be a practical device, 
DF techniques were extended upward in frequency, and some preliminary 
thought wes given to methocs fer neutralizing radar technology. 

History of ECM during the Battie of Britain. The forerunner of ECM 
wae the Jamming and decepilve tactics of the British against the navigational 
aystems of the Germans early in World War IT. In June 1940. the Germans 
estzblished an extensive series of short-wave stations (200 ke to 900 Mic) in 
northern France. These stations were beamed over London. An aircraft 
equipped with a loop antenna could get on any one of theas beams and foi- 
low it directly over London. This quite succesefv! navigations! aia waa 
known as Lorens. 

After a great amount of study, the British countered with a system they 
called Béeaconing. Combinationa of receiver and tranamitter, separated by §& 
tu 10 miles, were established. A British recelver picted up the navigational 
beame from a German transmitter and sent the efgnal by land Hnes to a 
British transailtter, German planee attempting to get bearings then received 
signals from the original (German) transmitter and the British transmitter 
or masking beacon (meacon) and obtained either no bearing or the wrong 
bearing. On severe) occasions German planes became completely lest and 
landed on British air fields. 

Then the Germans used two intercommuaicating transmitters on the 
French coast, and \.hile one transmitted dots the other tranamitted 
dasher, on paresiel Deams. When ihe plane was on the coursa between the 
beams it recelved a steady tone in ita receiver. When of to one side, it re- 
ceived elther dots or dashes. The steady tone was 0.5° wide. Using this 
system, the Germans were able to determine their poaition over London 
within 900 yards. This Kaichbein was called Headache by the British, who 
countered with « system called Aspirin, a recelving-transmitter setuy: work- 
ing on the seme principle as Meaconing. This system simpiy retransmitted 
the German dea: on te a new locaticn. 

About September 1940, the navigational war really got down to business. 
The Germans initiated the use of Ruffian, a propaganda project which sper- 
ated on 70 Mc. The propaganda wus used to conceal a directional purpose, 
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this propaganda beam continued broadcasting but was narrowed down to 
5°, and this, called the pilot beam, was the beam tha’ the formations fol- 
lowed over the target. In addition, they had a second 3° beam which crossed 
the pilot beam at predetermined points. A clocking device, which gave the 
plane’s ground apeed, was turned on when the piane crossed the pilot beam. 
Then, according to his alr speed, after the plane crossed the second beam, 
the bernbardier dropped his bombs at certain polats or time intervals. The 
method ueed in obtaining such 6 narrow bearnwidth hes never been deter- 
mined. 

The Eritish counter for Rufian wes Bromide. Again, the Meaconing idea 
was used on & different frequency. The British rebroadcast the narrow pilct 
beam with a nondiiections! antenna, making the beam useless for navigation. 
They also used dizectional antennas to rebroadcast beams across the pilot 
beam in such a manner that enemy bomb loads would be dropped [n the 
Engliah Channel, During this period, newspapers carriod the story thet the 
bombers dropped their londs {n the Channel because they were running from 
the sritish Spitfires. This was a security meneure taken to keep the Ger- 
stans from reailzing the effectiveness of British countermeasures. Refian 
waz used by the Germans until’ January 194!, 

The third phase of the navigational wer brought out still another com- 
plicated German syatem called Benito. The Benito consisted cf a 48-Mc 
beam, frequency modulsted. This again was the pilot beam with the London 
area as the target. The lead plane in a formation was equipped with a trans- 
mitter, The plane flying down the beam received and retransmitted the 
modulated signal back to the ground station. By measuring the phase dif- 
jerence between the transmitted signal and the received signal, the ground 
station couid inform the pians by radio of its exact distance from London. 
Aiter a period during which London was heavily bombed, the British coun- 
tered with the Domino. They again rebreadcast the German bear. with « 
nondirectional antenna, As a variation, the British rebroadcast the German 
bearn so that it would appear as If the planes were far from London, or past 
London, Another variation which vexed the Germaa pilots very rauch was a 
Germen speaking voice coming In on German recelvers, giving them wrong 
directions. This yolce, orlginating in an English station, often ‘ed the Germar 
bombers to land at British alrpcrts. Benito was used by the Germans until 
about June of 1941, 

It ezemed that the Germans hed exhausted thelr sower to build new 
navigational aids, but they ctill managed to devise now methods for using the 
old systems. The Germans equipped one squadron (KG-100) with all their 
avaliable navigational aids and used the various types alternately. The KG- 


HISTGRY OF ELECTRONIC COUNTERMEASURES 25 
and it fooled the British for a long time. Shortly before a raid was acheduied, 
c) 
| 


SS FT eT TTT La CT LE, SIP 





2-4 ELECTRONIC COUNTERMEASURES 


100 dropped incendiaries oc London, making !t poselble for bombing planes 
which foliowed them in to drop their loads on the fires, The British countered 
with false fires set wp outalde of London in the path of the advancing bomber. 
There fires were piles of waste which were prepared in advance. The false 
fires were cailed Starfish. After the Crrmans dropped thelr incendiaries, 
several Starfish would be ignited. The bombers, seeing the Starfish first, 
would drop their bomb loads on them, thinking them the target. When the 
British firet usec Starfish, as many as 95 percent of the bombs were dropped 
om these false targets. When the Cermana realised the ruse, they drooped 
theie “ombs on the second ares of fires. Agsi= Starfish was used, but on the 
other side of the city, so that the second fire was not the target. The results 
were « divisior of droppings of the Germans’ bomb loads. About 30 percent 
of the bombe we. eu: ususlly drosped on Starfish. 

Several important, ‘s9". epplicable to ECM were learned in this naviga- 
tional phase of the war. in the first place, the Germans carried on thelr 
experiments In range of the Brititk monitors, or tried out new systeme In 
advance on a emall scale. As a result. Britain had a big advantage in time 
for developing countermeasures. The Germans also set up thelr beamz early 
in the afternoons, giving the Pritial: cpportunity to fy down the deams snd 
determine the targets to be bombed that night. 

Lityen Campeign, British Jamming of the radio chenwvei2 began in the 
zidyan campaign, starting 18 November 1941. The British had rot used 
jemming prior to this time because of thelr fear of retaliation by Germany. 
Toe commutsications channel jammed was the German tank radio on 27 to 
35.5 Mc. To carry out the jamming, Wellington bombere were equipped 
with 50-watt transmitiers covering the frequency range. The frequency of 
each trenemitted signal was modulated to prevent giving a steady tone. A 
special antenna was rade which could be towed by the bomber aud which 
was about 3 inches in diameter and about 9 feet long. The ‘amming operation 
was very successful. Stations more then 7 miles apart were unable to com- 
municate with each other. Those close; together than 2 milea ked very er- 
ratic operation. The jamming equipment consisted of azi oscillator fed te a 
power amplifier. The frequency was varied by mechanically rotating one 
element cf a condenser in the cascillatos circult. The British negiected to 
provide fighter protection for their jamming planes, and as a result, the 
jamming was soon interrupted. 

British Jemming of German SSV Equipment, The next operational jam- 
ming was done against the German SSV (Shore-to-Surface Veusel) located 
off the French coast. Each time the British brought a convoy through the 
English Caannel, German radar-controiled guis would fire on the convoy. 
The British set up land-based jammers across the channe! and ‘ammed this 
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radar effectively. Some important facts relative to ECM came out at this 
time. The Germans had ali their equipment on approximately the same 
frequency, thus making {it easy to jam. The first time the British jammed, 
the Germanz turned off their radar, thereby divulging that jamming was 
effective. Later, the Germana ataggered the frequencies uaed, making jem- 
ming more difficult. The Germans started jamming in February 1942 and 
eventually built a jammer for every English radar unit, including gun leying, 


2.1.2 Iniiial United Sietes Efforts in Electronic Warfare During 
World War 0 

In an effort to supplement the already overburdened Army aad Navy re- 
esearch programs, OSRD, the Office of Scientific Research and Development, 
was established by executive order in Juno 1941, It contained § major 
branches, cf which one, NDRC, was ia turn divided inte 19 divisions. Ad- 
ministrative functions and Sisison with the Army and Navy were performed 
by the headquarters of OSRD. 

OSRD was founded for the purpose of carrying on research in support of 
the Army and Navy on an emergency basis. I¢ wae provided with its own 
funds for Anencing research contracts with universities and industria] organ- 
izations throughout the country to fulfill the urgent wartime renulrements 
of the Army and Navy. 


3.3.2.1 National Defense Research Committee (NDRC) 

NORC was the branch of OSRD which was concerned principally with 
the physica! sciences, and it was within the structure of NDRC that the 
OSRD countermeasures program was carried out. Each of the 19 ‘“divisiona’’ 
of NDR(C was headed by a committee. The Division 15 Committee, under 
Dr. C. G. Suits, administered the countermeasures program. Diviaion 1§ con- 
telned several major subdivisions, Inc.uding an office at Schenectady, New 
York, reaponsible for tube contracts with verious manufacturers; an office 
in New York City, waich administered contracts for countermeasures; and 
an office in Cambzidge, Massachusetts, responsible for the administration of 
contracts !n the Beaton area, including the contract under which RRL, the 
Radio Kesearch Laboratory at Harvard University, was operated. 


2.1.2.2 Coordination of the Progrem 

The Army and Navy coordinated ECM program was carried out by 
NDRC in cooperation with the various jaboratories and bureaus of the 
Armed Services. Chief among the agencies representing the Services were the 
Alreraft Radio Laboratory at Wright Field, Ohio, the Naval Research Labo- 
ratory, the Office of the Chicf cf Naval Operations, the Bureau of Ships, 
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the Bureau of Aeronautics, the Office of the Chief Signal Officer, and the 
Signal Corps Engineering Laboratories at Fort Monmouth, New Jersey. 
Each of the service laboratories involved had its independent program of 
research and develcpment, but coordination among laboratories was maila- 
talned. For example, one of the Services might express an operational re- 
quirement for a oarticular type of equipment. The Initia! investigation might 
be carried on solely by NDRC or by one of its laboratories in coilaboration 
with the operating Service. Later, development and procurement would be 
handied by the Service fnavolved. In general, the opergtiunal noed for par- 
ticular development was established and expressed by the Service on an 
informal basis, usually in meetings attended by the personnel of the various 
labcratcries and agencies concerned. 


2.1.2.8 Radio Research Laboratory 

Work in the field of radar countermeasures was started prior to the 
establishment of the Division 15 orgenization when, in 1942, a emall group 
was set up in Division 14's Radiation Laboratory at M.LT. under the dirac- 
tlon of Dr. F. E. Terman, for the purpose of developing jemmers to use 
against enemy radar and also of developing antijamming devices for {ncor- 
poration in our own radar. 

The goneral problem involved was the development of means whereby the 
effectiveness of the enemy's radar equipment might be nullified. It became 
evident in the early days of the war that radar wes not on'y a very useful 
weapon but that it was useful both for ourselves and for tue enemy. It was 
also evident that it was a very vulnerable weapen, Cu the one hand it ap- 
peared prudent to take steps to make this weapon as useless to the enemy 
18 possible in case he should attempt to use it against us, and on the cther 
hand it seemed prectically essential te do something about the vulnerability 
of our own radar in case the enemy should attempt to jam us. 

It soon became clear that the rader countermeasures program vas much 
too extensive to be carried on as a part of radar development activities. 
Steps were accordingly take: soon after the establishment of the racar 
countermeagures group to move it to Harvard, where it was established as 
the Radio Research Laboratory, operated exclusively for Divizion 15 of 
NDRC by Harvard University under the direction of Dr. Terman. During 
ite approximately 31% years of existence, Radio Research Labcratory grew 
to a peak strength, In August 1944, with some 810 persons. 


2.1.8 Initlal Tactical Applications 
Following the Issuance, in July 1941, of a Presidential order to the VU. S. 
Navy to attack all enemy submarines, the Navy established a complex of 
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shore D¥ stations with the technical assistance of the NRL. The successful 
“Wolf Pack” tactics developed by the Germans for the expioltation of their 
attacks on convoys required that high-frequency communications be era- 
ployed in making a rendezvous for the pack. The DAJ hf direction-finding 
equipment was gulded into production by NRL engineers and formed the 
backbone of the Navy’s shore DF program. Thia aquipment was produced 
by the Bureau of Ships in large quantities, based on Improved NRL designs. 
A shipdoard counterpart of the shore-based Di? was also produced. Im- 
provements in the model DAQ equipment were worked cut jointly with the 
British, and a program was alse Initiated to train personnel to install and 
operate this new equipment for the Navy. Unquestionably, these equipments, 
developed jointly by the Admiralty and NRL, and produced separately, 
spelled the doom of the “Wolf Pack” tactics of the Germen submarines, evan 
though their transmissions grew shorter and shorter as time went on. The 
initial location of the enemy submarine was the most important phase of the 
antisubmarine wai ‘sre success achieved by the Navy. Sonar and radar were 
brought into play for the kill, but the cosans ere large and the emel! sumber 
of antisubmarine warfare units urgently needed clues on where to hunt. 
These clues were always provided by the hf DF operators. 

The use of jamming during the escape of the German warships Scharnhorst 
and Gnetsenau waa perhaps the firat serious indication of the importance of 
countermeasures in the naval warfare picture. General Martini, the Luft- 
wafle’s Director of Communications, had compicied a series of jamming 
exercises which, when directed at the British radare at dawn each day, had 
resembled atmospheric Interference. The length of jamming was increased 
each cay until by 1i February 1942 the British radar operators were 
thoroughly accustomed to this particular type of interference, which they 
reposted normally as caused by atmospheric conditions, This cleverly exe- 
cuted plan covered the escape of the two German warships up the Channel 
from Brest. 

Later, German production jammers were employed extensively to ring the 
Mediterranean. Allied shipborne metric radars had thelr scopes completely 
jammed from the time they entcred the Mediterranean until they left. Ger- 
man jammers passed the Allied ships from one CM group to another, keep- 
ing the vessels constantly under the devastating effects of the metric jammers. 

The Germans also demonstrated their ability to take the offensive in 
EC when they Intercepted and took control of a group of U.S. radlo-con- 
trolled boats alec in the Mediterranean. On this occasion the boats were 
sent in tight circies; thus expending thelr fuel harmlessly. It was a dis- 
heartening experience for the Navy to encounter such proficient employment 
of electronic warfare by the Germans. 








28 ELECTRONIC COUNTERMEASURES 


2.1.4 The Reader Countermeasures Problem 


When bombing raids over Germany were started, the extent of the German 
sadar development was immedistely realized. Not only were there enemy 
interceptor alrpianes equipped with alrborne radar capable of locating our 
bombers through the heaviest overcast, or at night, 6: distances up to 10 
miles, but aleo the dams fing antigircvaft fre into which our airplanes ran 
was foiad to be directed by a very effective F-band gun-laying radar knewn 
aa tha Small Wursdurg. A similar (S00 Mc) radar, the Giant Warsburg (see 
Figure 2-1) was used by the Germana for fighter conirc!, and they depended 
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Figo, 2-1, German Glant Wursiury. 


on a 125-Mc set, the Freya, for early warr'sg. Ja the Initlai days of our 
bonibing efforts against Germany, losses we extremely high due to these 
encmy weapons. 

The first report of German use of redar was in 1941. Elecctronic recon- 
nalsssnce fiighis indicated that the Germans were using radar to guide thelr 
anti-aircraft defenses. Eventually, photographic coverage was focused on an 
installation on, the #reach coast at the town of Bruneval on the Engi!sh 
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Channel coast opposite England. This radar watched the coasta: shipping in 
the Channel. The German: also coupled the Glant Wursburg radsr with 
some long-range coastal batteries which were effectively scoring many hits 
on the charinel shipping. This was oe of the first more modern radars since 
it combined fira control with its search function. Its antenna was 2 25-foot- 
clameter parabolic reflector which operated at a frequency of $70 Me. The 
Britiah were indeed worried ebout this radar and the rapid appearance of 
the other simijar radars. {(n February 1942 they decided to move in against 
the radar et Bruneval. A very carefully planned commando raid was crgan- 
ised by the British. The risk was groat and the povsibility of success was 
highly questicnable. The British avcceeded in capturing the recelver, parts 
of tae indicator, and other vital portions of this Wurzburg. These units of 
the radar were set up in England and carefuily studied. As « result, the 
British were ebia to examine critically their jamming effectiveness by noting 
the cerformance of thelr equipment against this practical mock-up of the 
German Wurzburg rader. 

7hs proviems involved In developing effective countermeasures which 
could be applied against this enemy radar equipment were not as simple as 
they might seem on the surface. In the first place, there was ne assurance 
thet enemy radar development would stop with the existing equipment. On 
the contrary, it waz expected that, az In this country, Germany weuld pro- 
ceed with radar development activities in an effort to improve the definition 
and performance of thelr equipment, In general, euch improveinentas could 
come about only through an expansion cf the frequency range. It was there- 
fora probable that it would be necessary to develop jamming equipment for 
Use agaist enemy radar equipment optrating at much highor frequencies 
thax those which had been detected already. The only saie way to cope with 
the situation was to vevelop jamming equipment capable of being tuned to 
any concelvable frequet.cy which the enemy might empley. 

Second, although vacuum tubes, which had been developed for use in 
radar sets, were capable of providing large power outpute at high frequencies 
in pulses lasting a few microseconds, radar jamming techniques required a 
different approsch. A radar jamming signal must be emitted continuously: 
if it is not, tho “pip” which reveals to the enemy the location, on his radar 
scope, of our planes wil! show through im the intervals between jaminlag 
signals. The development of new tubce was therefore required. 

Third, it was not enough merely te develop jamming transnitters. In order 
to operate thern successfully, it was necessary to know the location anc the 
frequency of the enemy radar set, so thet the jamming system might be 
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properly tuned, turned on at the proper timc, and in some cases, polnted 
in the righ? direction. 

That the development of # successful radar countermeasures program 
would invelve extensive effort along a number of lines was, therefore, quite 
evident. As finally established, it was planned that a complete line of jem 
ming trensmitters, recelvars, and direction inders would be developed to 
cover the entire known or possible radar spectrum. The size of the job in- 
volved in implementing th's program may be fudged by the fact that, when 
it was initiated, even tie fundamental techniques of generating radio-fre- 
quency energy at the frequencies involved were imperfectly ksiown. Following 
the development of the new types of vacv'um tubes required for thie purpose, 
it was necessary to bulld not one, but dosens, of types of equipment, each 
one capable of covering a ama!! part of the radio spectrum. 


2.1.4.1 Vacuum Tubes 

The tube problem was solved in a number of ingenloug ways. It was 
discovered that the magnetron, invented by Dr. A. W. Hall {n 1921, was 
an eficlent generator of high-frequericy energy in the microwave region. At 
once, activity started which resulted In the development of a great diveruity 
of magnetrons suitable initially for use {n radar sets, but later adapted to 
redar countermeasures, Division 15 placed contracte with various contractors 
for the develcpnient of a complete line of CW tubes capable of covering th> 
radar spectrum at various power levels. Later, these tubes were lnccrporated 
in 100-watt jamming transmitters. 

The tube program included the development of @ line of aplit anode CW 
magnetrons designed for a nominal power outout cf 150 watis in the fre- 
quency range froin 90 to 1200 Mc. Successful experimental models of these 
tubes were completed, and they formed the basis of certain jamming trars- 
mitters which were developed at RRL, such as the AN/APT-4 and TDY and 
TDY-1 equipments. later placed In procurement. Typical split-anods CW 
magnetrons recelved the type numbers ZP590, ZPS&79, and ZP584 (General 
Electric Company). Another tube program contemplated the development o% 
a line of i-kw CW imagnetrons for frequency ranges above 1000 Mc. A few 
semples of these tubea were produced, but the majority never passed beyond 
the development stage in the tube laboratories, 

Another program for developing low-power s-band CW magnetrons was 
undertaken. One of theac tubes, the QH-44 (Raytheon) was used in the 
S-band RRL F-5100 jamming transmitter, which was completed just prior 
to the end of the war and was the forerunner of tie AN/ALT-8 and AN/ 
APT-16 jamming equipments later produced, 

Tubes of the so-called “conventional” type, but adapted to operate !n the 
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microwave region by reducing the spacings between the elements to almost 
microsccpic dimensions, were develoned by several tube companies. These 
tubea were called “lighthouse” or “ollcan” tubes on account of the similarity 
of thelr appearance to the objects named. They turnd out to be very useful 
in Soth transmitting and receiving appiicntions where lower power was 
required. 

Another tube extensively used in soceivers on accoun: of its wide tunilog 
range was the reflex kiystron oscillator. With the use of tubes of this tyve, 
a line of search receivers was developed which, at the end of the war, was 
capable of covering practically the entire radar spectrum. And finally, the 
“resnatron,” which wes capable of CW power outputs of the order of 75 kw 
et a frequency of 500 Mc was developed and later built into « mobile jam- 
ning transmitter (‘Tuba’) in seven Army trucks, which was used for a 
few weeks near the end of the war to clear a path for British bombers flying 
across the English Channel. 


2.1.4.2 Astcanas 

The antenna problem was dificult. Transmitters and receivers alone were 
useloss without antennas. And, st the frequencies employed, conventional! 
anteanas were not satisfactory. An antenns research program was under: 
taken, aa a result of which the conventional “wire” and “whip” antennas of 
radio broadcasting speedily ahrank down into ‘‘stube” 6 to $0 inches long, 
adapted to radiate the extremely aigh frequency energy with maximum 
efiglency. At still higher frequencies the atubs developed vertical slits alongs 
thelr sides and became “split cans” and “siots.’”’ In the microwave region 
it was possible to dispensa with antennas entirely in the conventional sense 
and spray the energy out of 3 horn. 

Aa part of the antenna development pidgram, extensive antenne-pattern 
measurements wore made by Ths Ohio State University Research Founda- 
tion. This work also included measurements of the echoing patterns of model 
aircraft. The problem of vhf and uhf antennes was studied with particular 
emphasis on means for reducing pattera distortion due to the characteristica 
of the aircraft. The result of thia resesrch was che “Stingaree,” & relatively 
broadband doublet antenna which was designed to be trailed bohind the 
aircraft using « coaxial fitted cable as a tcw line, and which was thug re- 
moved from the immediate vicinity of the aircrait. 


2:).4.8 Window 

One of the most successful jamming expedients was “windew"” or “chaff,” 
the code rame applied to the use of tuned aluminum fel sirlpe which, 
thrown out In large bundles from our bombers, created a “radar smoke 
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screen” in the scopes of enemy radars and completely masked the bombers 
from rader detection by the easmy. Chaif was used quite early in tho war 
by the British, who employed at, covered metal cards printed with propa- 
ganda messages to mask the real purpose of the materia. In {ts original 
form, chaff was cumbersome and heavy; consequentiy, the principal objec- 
tive of the wartime chaff research groups was to refine this extremely effec- 
tive “confusion” technique by reducing the dimensions of the strips and 
tuning them to thu exemy radar frequencies. All of the sarlv chaff was 
actually cut with scissors by squadron personnel, from sheets of foil in the 
field. Large quantities of the improved cheff were wed, beth in the Eurcpean 
theatre and in the Pacific, with great success ‘n combination with electronic 





Fia. 4x2, Dispetving chaff, 


jamming (see Figure 2-2). Ultimately, some 20,000 tons of chaff were pro- 
duced. 

The Luftwaffe in desperation thre # roughly 4000 enginoers inte the preach 
to soive the antijamming and window probiem that was plaguing its radars. 
This effort represented roughly 90% of thelr uhf enginaere. In the United 
States only about one-tenth this number were engages in developing counter- 
measures against radar. Finally, the Luftwaffe announced « public competl- 
tion with prises totaling 700,000 Reichmarks (free of ali taxes) for the best 
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eclution to the problem of window. In thelr rush to eave the Wureburgs, the 
Germans were Cistracted fromi the devclopment of microweve radar which 
was already being exploited by the Allies. 

Tests of the completed civ! materisl uader onerationa! conditions soon 
disclosed thet means would be required for its automatic and homegensous 
ejection. Dispensers were uitimately developed which, in conjunction with 
pure foll aluminum strips, wore able to eject large quantities of chaff in a 
snort period of time without “bird nesting’—the gathering of the ma‘erial 
into clumps. 

The low-frequency radars used by the Japanese required a window tach- 
nicue different from that employed ‘n the Eurcpean theatre. In the 100- 
200-Me range, chaff bundles becarie long and bulky and difficult to handle. 
This ted te the development of a type of radar reflector known as “rope,” 
which consisted of 400-foot lengths of thin aluminum tance 4 inch wide. 

In the high-frequency raage, “corner refiectore,”” known as “angels,” were 
worked on but found ineffect!ve, 


2.1.4.4 World War Il Direction Finders 

A number of types cf direction finders were daveloped as a part of the 
World War IT ECM program, then known as the “RCM” program. One, 2 
homing system for use In fighter planes was known as the AN/APA-42 
equipment. This equipment, which was being placed {n service when the war 
ended, was to have bec used to locate Japanese radar-equipped “Snoover’’ 
planea, which made 4 practice of (-acking our task forces from a distance 
just outside the range of U.S. ship radars. 

A simple direction-finding system, known as the AN/APA:>24, uslog 
dipole antenna elements, wes developed for the lower frequency ranges. This 
system covered a frequency range from 70 to 400 Mc, was provided with « 
series of plug-in Interchangeable heads, and was designed for mouniing on 
alrcraft auch as the PHM. The APA-24 wae a nuil-type device, which re- 
quired manual adjustment to determing tLe direction of a received signal. 

A more complete cystem, in a different frequency range, capabie of simul- 
taneously locating a number of algnals withcut manual edjustment, was the 
AN/APA-i7 rotating-reflector direction finder. By the end of the war, heads 
for this equipment had been developed which permitted it to operate over 
the frequency range from 200 te 19,000 Mec. 

The shipborne counterpart of the AN/APA-17 was the OBM direction 
finder. This equipment covered a frequency range from 150 to 5,000 Me, 
using two heads, and extension of the range to 10,006 Mc for airborne appli- 
cations was undertaken. Subsequently, a 4000-10,000-Mc head was d:- 
veloped by NRL. 
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The largest part of the ECM program in the Signal Corps was centered 
in the Radio Direction Finding Branch st Ectontown Signal Laoratory 
(ESL), Fort Monmouth, New Jersey. Here, direction finders such as the 
AN/TRD-S, a V-T fuze jammer locater, covering 60-300 Mc, and the AN/ 
TKD-4, AN/TRD-10, and AN/TRC-2 communications DF syatems were 
developed. The AN/PRD-1 covering SCO kc to 30 Mc was the most ad: 
vanced portable loop direction finder. The AN/TRD-2 was the frst instan- 
tancous visual DF, This covered the frequency range 1.3-18 Mc and used the 
BC-342 receiver, 


2.1.4.5 Test Equipment 
In the Interest of assuring that equipment delivered to the field would be 


properly used, the development program included a number of projects for 
the development of test equipment. Among equiniients which were coni- 
pleted in the Isboratory and turned over to manufacturers for production 
were the BC-1255A haterodyne-type frequency meter for the low-frequency 
jamming transmitters Dina and Mandrel; the TS-92/AP alignment indicator 
for Dina, the TS-47/APR test osciliator for the AN/APR-1 and AN/APR-4 
recelyers; and the TS-131/APT tranemitter output indicator. Bocause of 
production delays, many of these equipments wera not actually delivered 
until late in the wer. 


2.1.4.6 Antijamming 

Representative types of U. 3. radar were set up at RRL, NRL, and ESL 
for making studiee of vulnerability of particular types of radar. This pro- 
gram resulted in the production of a number of training aids, reports and 
technical manuals, motion victures, training signal generators, and traiuing 
jammers, which were used to carry out demonstrations of countermeasures 
at Army and Navy operating alter ond training schools, Several antijamming 
devices for Incorporation [a standard radar vquipment were also developed 
and made avatiable for use. 


2.1.4.7 World War ll Tranemitters and Systeme 

In the last analysis, all of the work of the World War IZ countermeasures 
program was aimed at making it possible to use active or passive jamming 
Against ine enemy. The passive jamming phase of this objective baa aizveady 
been considered briefly in Section 2.1.4.3. 

In considering the active jamming question, many difficulties arcae. 
Thera was, primarily, the qvestion of tuning the jammer to the frequency 
of the device being jammed. This required the use of search receivers, 
preferably of the rapid-scan cr wide-open type. Tuning of the trans- 
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mitter waa then necessary. The design of the transmitter itself was 
important factor. Noise modulation was, in general, employed, but it 
possible to employ either wideband barrage jamming or narrowband spot 
jamming. Barrage jamming was geuerally difficult to achieve, because of the 
relatively narrow bendwidth of available noise sources and the fect that it 
was necessary to modulate the rf generator with the nolse source. On the 
other hand, barrage jamming possessed the important advantage that exact 
tuning of the transmitter was not required. With sufficiently broadband bar- 
rage jammers it was possibie to locate a multiplicity of jamming tranemit- 
tecs in the alrcraft of a Aight (on the ground or cn shipboard), to tune these 
tranamitiers to adiacert sections of ths spectrum, and to eliminate tuning 
en route eatizely. 

The earliest trasarnitter developed by the Radic Research Laboratory was 
the Carpet I-Ic, AN/APT-2, AN/SPT:2, designed for the frequency range 
from 406 to 720 Mc, and adapted for use aguinet the German: Wrezburg gun- 
laying radar sete, This transmitter was designed for a power output from § 
to 10 watts, 

The Carpet jammer, Carpet ITI, AN/APQ-9, AN/SPT-5, AN/UP?T=i 
(RRL F-2500) for the power range from !5 watts to 80 watts supplemented 
the Carpet I-Ie equipments. 

Tha Dina (direct noise amplifier) transmitter, AN/APT-1, AN/SPT-1, 
for the frequency range 90 to 230 Me, having a power level cf 10 to 30 
watts, Was usec against the Freve early warning radar (125 Mc). 

The Rug transmitter, AN/APQ-2, AN/SPT-4 (RRL F-1500), covered s 
higher frequency range (200-500 Mc) at the 20-watt level. Carnet IV, AN/ 
APT-5 (RRL F-5500), again at 20 watts, covered the range from 350 to 
1200 Nc. 

Ths lighthouse tuba transmitter, AN/APT-9 (KRL F-4800), had a range 
irom 300 to 2500 Mec, again at 20 watts, The RRL F-4500 jamme: covered a 
frequency range from approximately 2700 to 4200 Mc at 20 watta. This last 
experimental jammer was, however, never completed but was replaced by the 
S-band jammer F-$100. 

Quite early in the war, the research and development werk at the 20-wait 
power level had been cempleted, to the extent that the spectrum from 25 
Mc to 4200 Mc was pretty well covered by jamming equipment of one kind 
or another, including Carpet i-Is, Dina, HF Dina, AN/APT-1, Mandrel, 
AN/APT-3, Rug, Carpet IV, the F-48C0 Jammer, later the AN/APT-?, and 
the F-4500 jammer. 

Coverage at the 150-watt level was also fairly complete since it extended 
from 90 to 1200 Me, including the Dina emplifiers (RRL B-4100, B-2800), 
the split anode magnetron transmitter AN/APT-4 (RRL F-3400, F-3410), 
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Fio, 2-3. Magnetron jamming traneraltter AN/APT-4, 


and the magnetron transmitter F-4400. The Navy eisc developed the TDY, 
TDY-1 split-anode magnetron 150-watt tranemitter, utilising the same tubes 
employed in the AN/APT-4, the ZP579, ard ZPSGO. Figure 2-3 shows the 
AN/APT-4 transmitter. 

On the other hand, trensmittera for the 1-kw level were limited to rela- 
tively narrow segments of the spectrum, and the 10-kw and 40-ky¥ ‘ovels 
were represented by research projects involving specific types of tubes, tho 
ZP595 magnetron acd the Model 21 resratron. This tapering off of frequency 
ranges with increasing power was, of course, to be expected in view of the 
technical limitations existing at the time. 

The first operational use of production “Carpet” jammers was on October 
8, 1943, only about eighteen months after the start of the program. Carried 
on this date in 68 aircraft of two groups of the 3th Air Force during « raid 
on Bremen, the “Carpets” resulted in a SO percent reduction in losses for 
the protected groups. 

In addition to the transmitter projects discussed above, and other such 
projects not mentinned, three syatems projects were established. These were 
the AN/APQ-20 end AN/APQ-27 systeme, which used the F-51200, 50-watt 
S-band jamming transmitter, in anticipation of enemy developraents; and the 
XMBT “E epbant” 1-kw S-band jamming system, S-9000, designed for ship- 
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borne use. After ‘he wer, the #-5100 project ultimately resulted In the AN/ 
APT-i¢ jamming tranamitter, and the “Elephant” ied to the high-power 
jammere AN/MLQ-2, AN/MLQ-7, and AN/SLT-2 and -3. 

A major naval effort at the Naval Research Laboratory was concerned 
with the employment of countermessures ageinst the Germans’ HS-293 glide 
bomb. Eariy in the war the use of this bomb offered severe resistance to our 
naval units in the Mediterranean. This wespon was firat used operationsily 
to sink the Itailan battleship Rome as she was attempting to escape to join 
the Allies. It was used alzo to eink the British ship Warsprite, and It cam- 
aged the U. S. Cruiser SevannaA, It was « report by the crew of the Sevanac’ 
that gave the Naval Nesearch Laboratory the clue that indicated that the 
Navy was faced with a guided weapon, Later one of these HS-293 gilde 
bombs sank in w near miss in shallow water off Libya and was recovered by 
the British. Meanwhile NRL engineers were called to work around the clock 
cn the research ard developmen: of equipment to counter the threat of thie 
bomb. Experimental equipment, fitted on shins in only six weeks time, was 
used to imercept, record, and analyze the guided-bomb control signals, It 
was desired to obtain shipboard recordings, while the ship waz under attack, 
of the racic control signals for complete laboratory analysis. In practice, two 
of the four contro! tones employed were above the audible frequency range, 
and alao were above the frequency range cf World War II recorders, Only 
efter a series uf ingenious maneuvers were these radic frequencies and their 
aesoclated tones successfully lovated and accurately analysed. Soon after the 
dirat control signals were analyzed, two destroyer escorts, the U.S.5. Davis 
and the U.5.S. Jones, were suppliod with experimental NRL equipment 
which co successfully jammed the guided bombs that the effectiveness of 
the weapon was very nearly neutralized. After thia jamming program gained 
full mornentum, no major fleet unit was sunk by the glide bombs. 

Followlig these inijilal evccecses by the Navy with the Naval Research 
Laboratory experimenta! equipment, Airborne Instruments Laborevxories at 
Mineola, New York, undertock a projoct for the development of production 
jammeara for use against the German HS-293 giide bomb for the Navy. This 
equipraent, known es the MAS jamming system, involved the development 
of several types of multiple-chanrel receivers and manually tuning spot jam- 
mers, and some automatic search receiver-apot-jammer combinations. A 
Crash program was aiso undertaken at RRL at the time when these Germen 
glide bombs were firat used in the Mediterranean, in March 1944. RRL was 
asked tu produce on = crash basis a quentity of 30 jamming systems for use 
against the glide bombs. In response to this request, RRL converted a quan- 
tity of AN/ARQ-8 transmitter-recelvers, which were then !r; crash production 
for the Alz Force, and made them sultable for the Mediterranean operation. 
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Developments ir the theater of cperation, however, changsd the operational 
needs, end none of theso equipments saw service in the feld. 

Alrberne Inatruments Leborstories alao worked on an alrborns jammer 
(AN/ARQ-11) having & power output of about 1 kw. Ten of these units 
were delivered tc the Alr Force as prctotypes of a high-powsr alrborne jam- 
mer, In the V-T fuse jamming field, the Signal Corps Liaboratory, Fort 
Monmouth, New jersey, developed the AN/T'RT-2, a convoy jammer with 
approximately 100 waiis output, swept CW, covering the frequency range 
73-200 Me. 

The Weetinghouse Research Laborstories was responsible for the deveiop- 
ment of a 10-kw ground-based communication jemmer known as “Ground 
Cigar,” for tae frequency range from 88 to 42 Mc. Other work in the field 
of communications countermeasures and cormmunications antijamming was 
done by the Bell Telephone Laboratories, by the Federai Telephone & Radio 
Cerporation, and by the Radio Corporation of America. 


Sime Werd War i WOOCIVErs 

The fundamental success of any countermeasures operation must be de- 
pendent on the type of receivers available, because, before recourse can be 
had to active jamming techniques, {t Ia necessary to determine the location 
and frequency of the electronic systems (o be jammed. The primary einphasis 
of the countermeasures program, when {t was set up Initially was, therefore, 
on the development of recelvers. 

The Navy, faced with locating German submarines equipped with radar, 
met this threat with simple tunable detector video receivers developed at ihe 
Waval Research Latoratuiy. The first receivers bad atub antennas that 
extended through the skin! ') ‘ircraft, aad the base end of the entenna 
inside served as 3 tuning «vi: to determine the frequency. Tuning was 
effectod by aliding a shorting war up and down the cavity unt!) a signal was 
detected. The later quantity-produced sets wore designated .sARD-1 and 
ARD-2 and included circultry for determining prf aad pulse length. 

These same sets were also used by the Nava! Patrol aircraft in the Pacific 
to locate the Japancse radars located throughout the islands. They were aiso 
used to locate the firs: Japanese shiptorne radars used in the Pacific fleets. 
These simple recelvers filled an important operational gup for the Navy 
prior to the production of replacement recelvers. 

Subsequentiy, the recelver prograra comprised, principelly, work on three 
receivers, the AN/AFPR-i, the AN/APR-4, and the AN/APR-S5A, Ths 
AN/APR-1 recelver and the AN/APR-4 receiver were, in general, similar, 
except that the AN/APR-4 receiver perinitted a choice of [-f bandwidth. 
Most of the work on these two receivers involved the development of three 
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different types of tuning units, identified by the suffixes 4, c, or D, following 
the project number. The A units were, in general, moter drive units for the 
AN/APR-1 receiver: the C units were manual tuning units for use with the 
AN/APR-{ receiver; and the D units were designed for uze with the AN/ 
APR-4 receiver, end were equipped both with motor driva end sector sweep. 
The AN/APR-5A receiver was deafened tc cover the higher frequency range 
frem 1000 te 6060 Me. These recelvers went into large quantity production 
and were extensive: used in the field. 

In addition ts the wo" the AN/APR-1, the AN/AFR-4 and AN/APR:- 
5A receivers, the program Included another receiver, che AN/APR-2, known 
as the ‘Autosearch” rece!ver. Work was also done on “wite-onen” ceceivers, 
such es the “Spud,” the “Zero Catcher,” and the “Booser,”’ but these wide- 
open receivers nover saw extensive use due to changes in tiie eperational re- 
quirements 

The frequency coverege afforded by RRL-developed receivers which 
reached production was from 40 Mc to 6000 Mc. At the end of the w.", work 
was just starting on the AN/APR-9 recelver, which waz intended te givs 
greater frequency coverage and onhanced performance. Work on th. AN/ 
APR-9, was transferred to the Alrborne Instruments Laboratories at Mincole 
where the development wae completed under Navy sponsorship. 

In the V-T fuse field, the Signal Corp Enginsering Laboratory, under con- 
tract with Airborne Instrument Laboratories, developed the AN/ARR-24, a 
lightweight, rapid-scan superheterodyne covering the frequency range 60- 
300 Mc in one band. This was completed {n 1944 but was not used since the 
Germana did not possess operational V-T fuzes. At the end of the war, work 
was started at SCEL on the AN/TLR-9 and -10 V-T fuze receivers covering 
60-1050 Mc with high sensitivity and probability of intercept. 


2.1.4.9 Evaluation of ECM 

Before the end of the German war, following construction of prototype 
models, most of the equipment developed by the joint Army-Navy-NORC 
program had been placed {n procurement, and nearly avery bomber In the 
8th Air Force kad heen equipped with at least one, and in scme cases up to 
four, Carpet janrsing transmitters. Results were anxiously awaited. Repre- 
sentatives of Radis Research Laboratory statlored at the Division 1§ British 
Laboratory, ABL-15, at Malvern, England, and at other strategic points in 
the operational theatres, made operational analyses to determine the effect 
on the enemy. Soon after the equipment came into full use against the enemy, 
losses in the &th Alr Force began to drop. While initially it hed been ex- 
pected that an appreciable fraction of our bombers would fall to return from 
raids over Germany, the percentage of losses was now reduced to a very low 
figure. 
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These operational analysce were not conclusive. The Germangz had lost 
much of thelr antiaircraft equipment in bombing ralda, and the Luftweife 
had practically stopped operating. The weather had also changed during the 
period when etatlstice wore accuraulated. It was known that the losses had 
decreszed, but it could not be proved thet une countermeasures program had 
achieved this resuli, or had even helped. 

It was not until after VE Day that the truth was iearned, from the ilps 
of the Germans themselves. Within a week after hostilities had ceased, 
almost the entire staff of the American-British Laboratory of Division 15, 
in England, nad scattered to various points within Germany. Seon resorts 
began to come back. The records of the telchferschungsrat {the German 
OSRD) had been examined, and it had been determined thet the American- 
British program was a spectacular success. German scientiats hac bien inier- 
viewed, who confessed themselves baffled by our countermeasures activity. 
Representatives had talked to radar officers in the German ground forces, 
who declared thet our countermeasures hed rendered German entlelreraft 
radars useleas. 

The sum total ef the investigations in Germany confirmed the view that 
the ECM program had been a success. It was true, te a very considvrable 
extent, that the countermesgurec gear had beer a major factor in the reduc- 
tion !n losses. The entire Nazi radar network, according <o the people oper- 
ating it, had been reduced to sbout one-fifth of Its normal effectiveness. 
Fairly early in the wer the Germans had learned to depend aimost entirely 
on rsdcar for antiaircraft gun control, because it gave a much more accurate 
range and waa relisbie in all kinds of weather. When the 8th Alr Force began 
using windew and electronic jamming, the German antiaircraft crews kad 
been blinded. Try as they might, they had been unable tc determine the 
location of our flights through the dazzilng glare of their radar acopes. Ordora 
had been issued to continue firing in spite of the Inte:ference, in order not 
to reveal to us the fact that our countermeasures had been successful. Then, 
so poor wae the record of planes akot down under these conditions, that these 
orders were replaced with orders uot to fire at ail unless good visual alm 
could be obtained—orders equivalent to abandoning radar antiaircraft con- 
tre! entirely, 

In the Germas laboratories, scientists had been at work sitempting to 
lessen the vulneraoliity of their radar equipment ever aince the British had 
dropped the first windew in the raid over Hamburg in 1943, After the Ger- 
man bombing raids on England in 1940, Hitler had thought the war wes won 
and had ordered the demobilization of great part of the German acientific 
effort and the induction cf the scientists into the army. With the Hamburg 
raid, and the capture of one of our advanced alrborne radar sets, the Ger- 
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mans had seen the crror of this decision end had immediately reconstituted 
ths scientific organization. At the end of the war, the laboratories had Geen 
operating at full capacity, and about half the German scientific eifczt in the 
field of electronics had bacn directed against cur countermeasures activity. 
So large a force, in fact, had been engaged in this work, that efforts along 
other lines of scie ‘\fic war developments were neglected and it was the 
opinion of investigators that the coliatecvineasiires progiam liad not only 
nullified the German antlalrcraft fire but the entire scientific program In 
general, through the preoccupation of the German sclentific organization 
with the countermeasures program. 

Prior to D-Day, the U. S. Naval Research Laboratory had a team in 
England working with the Admiralty scientists, preparing especia:ly fitted 
ekips for the countermeasuree role in tho Invasion. A total cf some sixty 
ships were fitted. NRL engineers in England fitted ten ships and an addi- 
tional five were fitted in the United Ezates by NRL porsonnel. These ships 
were configured with the countermeasures for the glide bormb. In addition, 
NRL engineers worked with the British in developing the plans for counter- 
measures deception, Smail boats were fitted with a series of tuwed deceptive 
“targets” which were made oi chicken wire in the form of a corner refiector. 
Other boats towed balloonborne deceptive reflectors. These units were towed 
close ashore on the French coast on the morning of the invasion and were 
responsible for the early report by the Germans that the attack was coming 
near the Pas de Calais and Bouiogne areas many miles away from where 
the landings were actually made. In spite of their dangerous deceptive sole 
the small bouts returned to Engiand without lose in the face of heavy racar- 
directed shora-based gunfize. The ships equipped ‘v'th glide bomb counter- 
measures did a commendable job aince they protected the flecta from the 
hundreds of gilde bombs loosed during the atiacka on the invasion fieet. 

Window was also used extensively during the Normandy !avasion, Army 
Air Force 5-24 aircraft with window flew a racetvack pattern over the 
English channel near the coast of Normandy before and afte: the Invasion. 
B-24 aircraft equipped with “Carpet” jamming transmitters participated In 
the diversionary ection ageinet the Pas de Calals area, 


Gea Clecironlc Couniermeseures Since World War II 

When the Japanese war ended, in August 1945, steps were immediately 
taken to place Ir effect plans which had already been worked out for the 
demebilization of the Radio Research Leboratary. Certain projects for 
which there was no further need were terminated immediately. Gther actly- 
ities which were near completion and which had continuing values, were 
completed in order to preserve those values. Certain other projects which 
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evidently could not be comoleted in the near future, but which had conslder- 
able long-range fmportance, were transferred to laboratorics of the Armed 
Services, auch as the Naval Research Laboratory and the Aircraft Radiation 
Laboratory. Ali laboratory work at the Radio Research Laboratory was 
stepped by Nevember 1, 1945. By January 1946 only about 239 persons 
were left on the RRL payroll, and of these, ‘ess than 10 percent were acien- 
tific personnel, all of whom were engaged in working on reports. 

A limited amount of research and development effort took place at the 
end of World War II and continued fer a year or so thereafter. Many of tne 
perscnnel in the Arined Services who had been engaged in this effort returned 
to civilian life, and the greater part of the equipment produced fer ECM 
purposes during World War il waz scld on the surplus market. 

In the late 1940's, ferret activities showed that a radar net was being built 
rapidly around the Iron Curtaln. The ZCM prograin was thereupon re-ea- 
tablished, starting, ca the psrt of the Navy and Air Force, with a small 
research and developmer:: sif.rt, schools, and continued ferret activities. 
World War II equipment was obtained from warehouses end the surplus 
market, and the need for i:.wer and better equipment was recognised. 

From 1947 to the present date, an extensive countermeasure research and 
development program has been carried on under the direct spor*orship of 
the Armed Services, Work has been dona, in general, by Service Laboratories 
or Universities and industrial organizations under prime contrects with 
various branches of the Services. 

Because the program is now sc widely decentralised arnong tee various 
branches of the Services and among a multitude of contractors, it is difficult 
to provide a full and complete picture of the current situation, particularly 
insofa: as the availability of production equipment is concerned. No at- 
tempt will be made tu present a fully comprehensive and vxact analysis of 
the situation; but rather, especlaily significant developments will be reviewsd 
without tabulation, and net necessarily {n caronological order. 

Performance requirements for ECM equipment have now become much 
more exacting. While, during ‘Vorld War I it was possible, under iavoratle 
conditions, for an ECM operetor to nacertain the location and frequency o! 
a signal to be jammed and to tune a jamming tranamitter to this frequency 
manually, such procedures are now out of the question. Aircraft poeeds have 
increased manyfold, reducing the time available for menual oneration. The 
density of radar signals may be exnected to be much greeter in any future 
confiict. Weight Hmitations make it extremely desirable to dispense with 
operators entirely in aircraft, and on the ground and on shipboard the necer- 
sity for rapid action also favors the abandonment cf manual control, The 
postwar trend has accordingly been in the direction of the development of 
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more sophist'-ated jamming techniques. World War II jaiaming equipment 
wes, in genera!, of the “brute force” variety, lacking in precision end finesse. 
We now have in production or development automatic jamming systems of 
the automatic search and lock-on type, range gate and doppler gate pulloff 
repeaters, inverse gain repeaters, and other equipments uitllizing novel tech- 
niques to achieve automatic or semiautomatic operation. The B-58, B-52, 
and RB-70 ali include an electronic warfare defensive position in the basic 
design, 

It is noted that, on account of the cormplexity of such systems, it is, in 
some cases, difficul: to meet weight and size requirersents, It appears, there- 
fore, that there may still be a very useful application for conventional wide- 
band, untuned, noise-modulated, barrage-Jamming transmitiers. This problem 
is aggravated by the fact that the power requiremente of jamming equlp- 
ment have continuoucly increased in step with the increased output of the 
ro daz or other systems to bs jammed. 

The research and development program is following, in general, the same 
lines which were established during the war. In cther words, the program Is 
still directed toward tha development of equipmert for radar counter- 
measures, communication countermeasures, guided-miss:l. countermeasures, 
and proximity-fuza countermeasures. Important changes in emphasis have, 
nowsver, taken piace since the war. While a major amount of effort is sti!! 
being expended on radar countermeasures, the portion of the program de- 
voted to communication countermeasures and proximity-fuse counter- 
mosevres has increased materially. Additional emphasis is e:ao new being 
placed on guided missiles countermeasures, principally through the eatadlish- 
ment of the Electronic Defense Laboretory of Sy!vania Electric Products, 
Inc,, at Mountain View, Califernis, under the sponsorship of the Signal 
Corps, Considerable efort is taking place in the development of techniques 
and equipment to support the ELINT (Eiectronic Intelligeuce) programs 
of the various services. 

From the standpoint of structure, the prog-am Is also divided into about 
the same categories which existed during World War II. We stili have work 
on transmitters, recelvers, antennas, direction-finding equipment, testing 
and training eyuipment, window, and aniijemming devices. Here, however, 
even greater changes In sinphasis have occurred than In the case of the 
various applications toward which this program is directed. Due to the fect 
chat operationai requirements ave now considerakly more stringent, and due 
to the necessity for integrating the Jamming equipment used by the operating 
forces with cther types of electronic gear available for their use, en in- 
creased amount of effort is now being expended on the development of com- 
plete systems adapied to do the jamming job more rapidly and effectively. 
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With the objective of satisfying these rew operations: needs, requirements 
have been altered to call for more rzpid acquisition umes, Wigher jamming 
power !ovels, enhanced sensitivity in zecelvers, the use of directional antenna 
to obtain increased radiated power, iniproved receiver resolution, ard ex- 
pended freuuency ranges. 


2.2.1 Postwar Tranemitiere and Systeme 
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Shortly before the end of the war, work on the first S-band nolse-med:.- 
lated jamming trensmitter was completed, This carried the RRL project 
number F-5100, and was supplied as a part of the airborne jamming system 
AI/APQ-20, Later, the Service nomenclature AN/APT-!0 was assigned to 
the transmitter proper, which employed the Raytheon QK-44, £0-watt mag- 
netron, Production uf 36 AN/APQ-20 equipments were completed beiore 
the war ended. 

In 1946, contracts were established hy the A.r Force for the development 
of an improved and expanded 150-watt jamming tranemitter, extending In 
frequency through the Z- and S-bands, to be known a¢ the AN/AP%-15 
jamming transmitter. Tals project is a part of a program for the Cevelap- 
ment of a serles of Jammers to cover the frequency range from 30 te 10,000 
Me. It hag bee. supplemented, within these limits, by the AN/APT-13, a 
150-watt, 70-150-Me tranamitter for jamming zround-to-alr hf communies- 
tions and uhi proximity-fuse algnais; and outside the program range by the 
400-watt AN/ALT-3 transmitter for the frequency range from 3s to 40 Mc. 
As a part of this same program, the AN/ALT-5, e 300-1000-Mc tranzmitter 
was added to bridge the gap between the AN/APT-6 aud the AN/APT-16. 
These jammers are manunily tuned, and adapted to be used !n conjunction 
with © conventional search, receiver and anectrum analyzer. The abilities to 
tune rapidly and to radiate increased powers are the improvements cocfered 
over World Waz IT equipment. 

On account of the requirement for automatic operation, a program was 
set tip to develop & series of automatic single-frequency spot jammers ccver- 
ing the frequency range 30 to 10,000 Mc. The AN/ALQ-3 and the AN/ 
ALG-7 were developai on a development-production contract to provide a 
rapid S- and X-band capability. These are airborne transmitters adapted to 
jam fire-control radars. 

In 1947, the Bureau of Ships established a project for the development 
of a l-kw, S-band shipborne jammer aiso provided with iow-frequency cover- 
age for communication jemming. The equipment, xnown as the AN/SLT-! 
jamming transmitter, was placed in production. This transmitter covered 
the frequency ranges irom 90 to 270 Mc and from 2460 tu 3600 Mc at the 
l-kw level. 
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A project for the development of the AN/TPQ-8& jamming system wac 
established by the Signal Corps in January 1950. Tals system was designed 
for a l-kw output in the frequency range from 9100 to 9606 Mc. 1% waa in- 
tended primarliy for use in making operational and engineering tests against 
airborne radar. Another Signal Corps Jamming equipment was the AN/MLQ- 
2 equipment. This was a l-kw jemmer for the frequency range 2500-i0,500 
Me. The complate evstem Included an acauiaition receiver, a setting-on re- 
selver, and directional transmitting antennas operated fn conjunction with 
an automatic target-tracking system. Eech complete unit provided four 
channels, each one of which covered the entire frequency range. The actual 
aystem produced by Gilfillan Bros., Los Angeles, ls tne AN/MLQ-? covering 
the frequency range 7200-10,509 Mc and providing the outputs describer! 
for the “planned” MLQ-2, which was not completed. 

The Alr Force 800-watt AN/ALT-1 transmitter {s designed for the fre- 
cuency range from 7500 to 11,000 Me. This ‘requency range is divided Into 
two bands, and {s covered by means of two floating-drift-tube klystrons, 

When the pianning of the B-47 equipment was carried out, In 1952 and 
1953, only manuaily tuned spot jammera were available; but an ECM cper- 
ator was not planned for the 3-47. As a reault, a crash program for the provi- 
sion of an unatiended jamming capability for ihe B-47 was carried out. The 
existing jammera, the AN/ALT-5, the AN/ALT-é, the AN/APT-i6, and 
the AN/APT-6 were utilized {n this crash program. Since these jammers 
were provided with alngie-dial tuning they ware converted to sweep Jamming 
with the intention that they were to be preset to the center frequency of the 
band In which the radars were known to be operating and would then be elec- 
tronically tuned over the radar frequency band. The AN/APT-6, the AN/ 
ALT 53, and the AN/APT-16 were successfully converted. As the AN/ALT-§ 
could be swept only over that porticn of its frequency band in which the one- 
quarter mode was used, it waa discontinued. The swept versions of the AN/ 
APT-6 and AN/ALT-3 as well as the AN/APT-16 were redesignated the 
AN /ALT:7, the AN/ALT: 64 and AN/ALT-3, respectively. While slow s:veep 
jammirg is considered to be a poor technique today, large numbers of these 
jammers in dispersed alrplanes were very effective against the radars that 
were in production prior to 1957. Better radar designs and ECCM fixes have 
provided a way to reduce the confusion effects caused by these jammers. 

Projects under the sponsorship of the Bureau of Aeronautica include the 
AN/APQ-33 semiautomatic or inedual search and jam system for the fre- 
quency range from 40 to 1600 Mc, employing conventional tubes; and the 
AN/ALT-2 jammer for the 8500-10,600 Me range, employing a megnetron. 
Prototypes of the AN/ALT-2 were developed at NRL, and this <ransmitter Is 
used In the AN/ALQ-23 automatic search and jamming system, which has 
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been adapted to the standard sh!ipbou-d jamming eystem AN/SLQ-i0. 

Jammera for the low-frequency ranges, intended for communication and 
V:T fuze jamming include the AN/MRQ-2A, a 400-watt, 1.5-20 Mc com- 
munication jamming system (Signal Corpa); the AN/TRT-2, a 100 watt, 
75-200 Mec tralning jammer (Signai Corps), which is also provided with 
swept AM for fuzes; he AN/MRT-4 tunable jammes for operation at the 
{-kw level in the frequency range from 7§ to 1200 Me (Signa! Corps); and 
the AN /APT-13 swent jammer for the frequency range frem 70 to 25C Mec 
(Signal Corps), ARDC alse sponaored a variation of the AN/APT-13 
equipment for the frequency range 70-1000 Mc, and a low-frequency com: 
munication jammer for the frequency range from 2 to 30 Mc designated as 
the AN/ALT-3 equipment. This development finally appeared as the AN/ 
ALQ-i4, a rapid search and jez system using & carcinot7on. 

The Bureau of Aeronautics established a project with tae W. 1. Maxson 
Company for the development of an automatic search and jock-on system at 
the 200-wati level, and for the frequency range 1000-11,000 Mc, which was 
designated as the AN/APT-29 equipment, 

The AN/SLT-2 equipment was a i-kw snipborne jammer for the fre- 
quency range from 15 to 1002 Mc aeveloped dy the Generel Electric Com- 
pany under contract with the Bureau of Shipz, A related equipment, the 
AN/SLT-3, wes also a General Electric Company development, under 
BuShips sponsorship, with extended frequancy range, to cover the spectrum 
from 950 to £0,800 Mc. This jammer, similar in many reapects to the AN/ 
MLQ-2, covered tke required frequency range by mean: of 11 magnetrons. 

Numerous studiea have been made by contractors of all branches of the 
Services in the fleld of transponders for use against guided missiles atid other 
types of targets. Thess studies Included work on such equipment as the 
S-band and X-band “Ow!” and the AN/ALOQ-f equipment, at the Airborne 
Instruments Laboratory. 

A large amount of effort has been applied to various types of repeaters for 
use againat proximity fuzes. The Electronic Defense Group at The Univer- 
alty of Michigan accompliched a iarge share both of the research and of the 
development of exper!menta! proximity-fuze repeaters. Some of the repeaters 
are designated for frequency ranges lying between 70 Mc and 30C Mc, end 
power outputs range from 0.1 watt to 10 watts. In general, these projects 
employ narrcwband conventional tubes; some of them employ superregenera- 
tion; some are dual antenna repeaters; and some are aingie antenna repeat- 
era, In this category are the AN/URQ-S, the AN/ARQ-16, the AN/ULQ-3, 
the AN/TLQ-2, the AN/TLQ(), and the AN/ULQ-1 equipments. Unilke 
these narrowband devices, the EDG at Michigan employed wideband, dis- 
tributed amplifiers in the design of thelr successful V-T fuze repeater AN/ 
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MLAQ-8. This equipment employs one antenna, and a time-sharing transmit- 
ter and recelver, Further development of this equipment in tactical form 
was accomplished by Instruments for Industry. Two projects, ARDC Project 
R-112°152 and BuAer Project NL460-052, involved the study of traveling- 
wave amplifiers for uss in broadband repeaters. Work along these lines was 
aiso dors at the Stanford Electronics Research Laboratory under Jolnt- 
Service eponsorship. 

Quite eariy in tie postwar program it wad reaised thet automatic jaii- 
ming equipment must be provided for manned aircraft of the Air Force 
because it was not planned tc provide such aircraft with ECM operators. In 
1950 and 1951 study projects were established with the Sperry Gyroscope 
Company for investigating the feasibility of providing broadband coverage 
in semi-automatic and fully automatic search and jamming systems. These 
study projects resulted !n the AN/ALQ-5 and the AN/ALQ-27 systems. A 
second technique was the AN/ALQ-6, in which a receiver and an FM car- 
cinotron were combined to provide an automatic jammer capable of jemming, 
sequentially, ali signais on the victim aircraft. Provisions were made to seiect 
the type cf radars tc be jammed by the use of prf and pulse-width diacrim- 
ination, Another technique furnished multisignal jamming capabilities using 
a receiver to determine the frequencies present, control circuits to set up 
volrage-tunable magnetrons on these frequencies, and traveling-wave-tube 
amplifiers to raise the output signal to the proper leve!. 

University prograins for basic work in the ECM techniques area were 
established throughout the course of the postwar ECM program. Sizable 
programs were established at Stanford University, the Johns Hopkins Univer- 
sity, and The University of Michigan, which heve made, and are still mak- 
ing, significent contributions to the ECM program. For instance, ‘The Johns 
Hopkins University work in infrared, during the earlior years, provided ibe 
knowledge to start a hardware program, wher the need arose in 1956. At 
Stanford, work, In the deceptic:: erea was started on range-gats pull-off aud 
inverse gain modulation as brondband multisignal radar track-breaking 


devices. Broadband multisignal repeaters were also Investigated. Equipments. 


such as the AN/ALT-10, the AN/ALQ-11, the &-440, and the AN/ALQ-17 
are the direct outgrowths of tilz effort. The Navy at NRL also sponsored a 
complementary repeater program for thelr ship and air research programs. 
Major technique contributions were aiso made by NRL in this ares. 

The Air Force has made important changes in policy with the objective 
of e.pediting the genera) procurement program. These changes include the 
weapons systems concept of development, Involving the over-all contracting 
of an entire system, including the airframc, to a menufacturer; the esta- 
blisnment of a Quick Reaction Capadility (QRC) for rapid hardware de- 
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velopment; and the planning and contracting of sn infrared countermeasures 
(IRCM) and radaz absorbent (RAM) research end develapment program. 
The use of infrared in alr-to-alr guided missiles and the added infrared radi- 
ation due to missile launch started the need fur infrared warning equipment 
as well as infra:ed decoy devices. 


2.2:2 Postwer Receivers 

One of the outstanding accomplishments of the interim perlod since World 
War IX has been the aucceasful development of the AN/APR-9 recelver, 
under BuAer, which was placed in production. This receiver covers the fi > 
quency range from iC00 to 10,750 Me In for tuning units designaved 
TN-128, TN-129, TN-120, and TN-131, Its senaltivity ranges from -—-%0 
dbm, employing a narrow video bandwidth, to —73 dbm at the high end of 
the frequency range, amploying a wide video bandwidth. The development 
work on this roceiver was done by Airborne Instruments Laboratory, Alr- 
craft Radio Corporation, and Cuil'ns Redio Company. 

Supplementing the AN/APR-9 receiver, the AN/APR-!3 receiver was 
developed by the Navy to provide coverage in the low-frequency range fiom 
50 to 1160 Mc. This receiver is provided with five tuning heads, designated, 
in order of ascending [requency, es the TN-200, the TN-178, TN-179, TM- 
180, and TN-181 tuning units and has a sensitivity ranging from —87 dbm 
at the low-frequency end of the range to ~76 dbm at the high-frequency 
end of the range, employ!ng a wide videu bandwidth. 

The AN/BLR-1, AN/SLR-2 receiver is the shipborne counterpact of the 
AN/APR-9 recaiver, also including, however, the frequency ranges of the 
AN/APR-13 receiver with the exception of the lowest frequeacy tuning head, 
TN-200. Thus, the AN/BLR-1, AN/SLR-2 receiver provides frequency 
coverage from 90 to 10,750 Mc, in eight tuning heads, The AN/BLR-! re- 
celver Is intended for use on submarines, and the AN/SLR-2 receiver is 
designed for installation on surface vessels and land stations. In both cases, 

wise analysis and direction finding systema are included. 

At the end of World War II the Signal Corps Engineering Laboratory 
developed the AN/TLR-!, the first ground-based intercept system to be em- 
ployed by the Army. This equipment wag designed by Polarad Electronics 
Corporation, New York, and fabricated in quantity by Radio Corporation 
of America, New York, The frequency range covered is 10 Mc to 12,10G Mc. 
Three types of antennas are provided: omnidirectional, broadiy directionai, 
and high gain. A signal analysis cupability is included. Sensitivity ranges 
from —120 dbm at the low-frequency end of the range to —90 dbm at the 
high-frequency end of the range. 

Tne U. S. Naval Research Laboratory ploneered in mechanica! rapid-scan 
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microwave receiver development. Utilizing the basic mechanism of the 
AN/APR-9, 't adapted « servo sweej syst2m to provide scanning rates of 
roughly 1000 Mes. The receiver aiso had the abilliy to present ten frequet- 
cles which were previously selected and return to these with great precision 
through the serve control syetem. Frequency was read on a Veeder Rovt coun- 
ter. The top four heads of the AN/APR-9 system were modified and included 
in the prototype system. Associated with this system development was a 
complete signal ecquisition indicater utilizing the F-i9 long-persistence screen 
and a time-frequency raster. Also a part of this system was a new ndicator 
for signe! azelysis and display. A five-gus cathode-ray tube wee utilised in 
which three traces were devoted to pulse angiya!s, one being an exponentia! 
sweep and two being two-decade log sweeps. These traces gave an indicatlon 
cf pulse width, prf, aud antenna beam-patiern width. One sweep was used as 
a DF indication utilizing a rectangular sweep in which the tep trace gave a 
downward deflection and the lower trace gave an upward deflection, Tue last 
trace is utilized for panoramic display. Production versiona of this equipment 
resulted in the Nuvy shipboard set AN/WLR-! and the airborne AN/ALQ- 
28 system. These systems have the same coverage 4s the AN/APR-9, 90 to 
10,500 Mc, and the same order of sensitivity and selectivity. 

The Signai Corps has also plone@rea in the deyeiopment of a mechanically 
tuned ranid-scan receiver known as the AN/TLR-9 and -10 receivers, The term 
“rapld-scan” ts here used to Identify a receiver in which the entire frequency 
range of a given tuning head Js acanned Jn a period of time comparable with 
the duration of a radar “look,” say 0.08 second, The AN/TLR-10 receiver 
is provided with five tuning heads and covers the freauency range from 60 to 
1050 Mic. It Js a superheterodyne receiver having sensitivities ranging from 
~ 161 dbm at the low frequency end cf the range to -73 dbm at the high- 
frequency end of the range. Tne AN/TiR-4 extends the frequency range of 
the AN/TLR-10 from 1056 to 360¢ Mc. The AN/TLR-7 is electronically 
tuned and employs saturable reactors. The AN/TLR-15 extends the fre- 
quency range cf the AN/TLR-1. It covers 8 kMéMc to 41 kMc and utilizes 
backward-wave local oscillators. 


Signal Corps projects for AN/TLR-3 and AN/TLR-17 receivers cover ihe 
extension of the AN/TLR&-1 receiver. The AN/TLR-3 receiver has a {ré- 
queiicy range frorm 12,000 to 18,000 Mc with one head, and the AN/TLR-17 
receiver covers the range from 500 Kc to 12 Mc In aight tuning bands. 

A somewhat similar airborne rapid-scan rece'ver, the AN/ARR-8A re- 
ceiver, has also been placed in production by the Alr Force. This receiver, a 
motor-driven repid-scan superheterodyne, covers the frequency range from 
70 to 960 Mc in four tuning ranges. Its sensitivity averages —8C dbm, and 
it employs an I-f bandwidth of 0.5 Mc. 
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In the rapid-scan receiver Aeld, the Alr Research and Development Center, 
ARDC, has sponsored two projects sonwmwhat eimiler tc the AN/ARR-8A 
recelver, These projects are the AN/ARR.~! receiver for the frequency range 
from 0.09 to 55 Mc, and the AN/ARR-35 receiver with 2 frequency range 
from 50 to 1030 Mc. These receivers differ from the AN/ARR-84 in that 
they are adapted for cperatior. optionaliy as rapid-scan ov as high-resolution 
recelvers, 

The AN/APR-14 receiver developed under ARDC sponsurship Is a super- 
heterodyne receiver, clmiiar in some respects to tha AN/APR-9 receiver, for 
the frequency range from 30 to 1125 Mc, using five tuning ranges. This re- 
celver fs intended primarily for setting jarntners on frequency, and is also 
considerably more compact than the AN/APR-9. 

The field of electronically tunable rapid-scan microwave receivers has 
been actively investigated, end work along these lines bas reeulied in oper- 
ating equipment. The Electronics Research Laboratery, ERL, of Stanford 
University developed prototype models of the S-121 receiver covering the 
frequency range from 500 to 4600 Mc with three tuning beads. This receiver 
depends for its operation on the use of electronically tunable “‘cispersive”’ 
traveling-wave amplifiers, and scane over a 2:1 band in approximately .0§ 
second. Frequency indication Is provided by the display of the videc signal 
On a scope, the time-base of which is synchronized with frequency. This is 
not a setting-on receiver, but does afford good frequency resolution, arid as- 
suzes almost perfect Intercept probability on account of its extremely rapid 
scan rate. 

In parallel with the Stanford project, and with the assistance of ERL, the 
W. L. Maxson Company has worked on a similar 2-4 kMc rap id-sca ° receiver 
known as the AN/ALR-2 recelver, 

The Stanford S-151 receiver is an X-band converter desis..e) .o accept 
signals !n the X-band exid beat them down to the S-band rang. qhere they 
are fed into the input of the S-121 receiver. The S-152 receiver is an elec- 
tronicaily tunable rapid-acan X-band superketerodyne with variable sweeping 
and acceptance bandwidth. The receiver is thus adaptable for highs intercept 
probability with, wide sweeping and acceptance bandwidth; and alternatively 
for high resolution, with narrow aweeping and acceptance bandwidths. The 
sensitivity is high in either case. 

A considerable amount of activity is also going on in connection with 
wide-open receivers of various types. Some of these wide-open receivera are 
merely “zero catcher” receivers designed for easly warning without any 
frequency indicaticn. Othera have multichannel operation, capable of indl- 
cating frequency with an accuracy of +15 percent. in this category falls 
the multichannel recelver of the Airborne Instruments Leboratory, ia which 
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each channel employs a four-stege cavity filter for frequency clecrimination. 

Another type of wide-open receiver which is engaging considerable atten- 
tien at the present time is a multiplehorn receiver being developsd by 
dcXoom at Federal Telecommunication Laboratories. Recelvere of this type 
are discussed In connection with direction-finding aystems in the noxt sec- 
tios. 


2.2.8 Direction-Finding Systems 

The program contalns numerous projects for developing high-frequency 
7, etlon-finding systems. These equipments are principally intended for use 

/¥F communication circuits. 

The Navy at the U. S. Naval Kesearch Laboratory hae maintained one of 
the major research efforcs in the field of hf direction-finding research. Since 
1950 NRL has had an experimentel wide-aperture direction-finder system in 
being and under atudy. Continuing studies have resulted in the development 
of suitable muiticoupiers jor direction finding systems apolication. This has 
resulted In the development of a 40-ciement “Wullenwebsr” type array cap- 
able cf simultaneously forming precise beams for very accurate direction find- 
ing, fixed beam antenna patterns evory 9° of azimuth and less accurate 
steerable beams for Intercept search purposes. Diverse instrumentation in- 
cluding several systema of combination intercept and DF functions have been 
developed. Twin-channel adaptations heve also been included. Automatic 
bearing and read out to 0.1° bearing accuracy sre also s part of the systeni 
developmentz. 

The Nevy ka: aleo sponsored direction-finding research at the University 
of Ulinois. This has resulted in a 120-element “Wullenweber” array. Though 
the instrumentation connected wiih this antenna is quite elementary the 
studies produced have furthored the state of the art in appreciation of waat 
aperture arreys wider than the 40-elament system doveloped by NRE will 
produce operationally. 

Also at the Naval Research Laboratory the Navy has sponsored a narrow- 
aperture direction-finding research program. Based on the AN/GRD-6 
equipment, this program has resulted in studiez of various antenna elemnents 
end their resultant accuracy as a part of the DF system. Major improve- 
ments in fleld modifications of the AN/GRD-6 have resuited. Automatic 
bearing readout systems, machine computation of fx systems and other 
similar operational concepts have reaulted from these studies. The Signai 
Corps had a project with the Servo Corporation of America for the develop- 
ment of a doppler DF system, the AN/TRD-15. 

The principal new development in airborne microwave DF {fs the AN/ 
APD-4 equipment, and related equipment worked on by deRosa at Federal 
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Telecommunicetions Laboratories. This is 4 wide-open DF aystem which 
employs a multiplicity of directional horns, each with a crystal video re 
celver, ‘The output of each receiver is connected to a delay line, and the out- 
puts of the delay linea are scanned in timed sequence (9 preduce a display 
of the over-all pattern on a cathede-ray tube. Although chere ja no precise 
frequency discrimination in the individual horns, a general inaication of frs- 
quency can be obtained by examining the shape of the over-all pattern on 
the cathode-ray tube. 

Two projects involving the improvement of the World War IX AN/APA-17 
direction scanning <quipment are in the program. These are the AN/APA-92 
dizection-finding system for the frequency range from 60 to 11,000 Mc and 
the AN/APA-389 for the range 200-10,500 Mc. In this category is also the 
panoramic and DF indicator for the AN/APR-9 receiver, known as the IP- 
81/APA-69A Indicator. A homing antennc. system for the AN/APR-9, desig- 
nated as the AN/ALA-4 equipment, fs also being developed under BuAer 
sponsorship. This equipment covers the frequency range from 90 to 10,750 
Mc wad includes a Jimmnutation switch, signel comparator, indicator, and 
three wets cf antennas. A. Alford has developed similar direction finding sya- 
tems for the AN/BLR-1, AN/SLR-?2 recelvera now in production at Collins 
Radio Company, Another project is a dual-korn, servo-controlied DF antenna 
for the frequency range from 1000 tc 11,000 Mc, developed as an improve- 
ment over the DBM direction-finding system. 


2.2.4 Postwar Ferret Activities 

After the war, the Air Force used some B-i7's as short-range alrcraft for 
ferret purposes. About the same time the Navy's postwar program began to 
take shape and P3-4¥2's, especially designed during tha war for these pur- 
poses, with delivery at the close of the war, were organized in 3 ferret aqued- 
ron, Later, the Air Force refitted a few B-29 aircraft for Icng-range ferret 
service. These flew some of tho first global missions. The Navy's PB-4Y2’s 
were still doing yeoman service with less extensive use {a areas of atrategic 
concern to the Navy. The Air Force later went into a program utilizing the 
B-36's, 

The Navy fellowcd the PB-4Y2 with the P4M. This aircraft served as « 
direct replacement for the PB-4Y2 and saw much service in the Atlantic and 
Vacific. Later, the Navy introduced an all-jet aircraft, the A3D-2Q. These 
pircraft are still flying and are typical ferret ECM-configured aircraft, 


2.2.5 Postwar Supplementary Equipment end Sirdies 
As in the case of the discussion of the World War IT program, considera- 
tlons of space prevent « detailed discussion of the many supplementary pro- 
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fects In the “eld of autennas, pulze-analysis cquipment, and confusion and 
Gecepticn devices, which are a necessary part of the countermédsures re- 
search and development program. In general, postwar antenna projects in- 
volve work on impreving the World War II antennas, on providing antennas 
having special patterns and characteristics, and on supplementary antenna 
equipment, such as connectors and switches. Pulse analyzers of various types 
are included, sonie of which are intended for use !n automatic search and 
lock-on systems for the purpose of distinguishing between friendly and 
enemy signals. Work on window has continued, with particular emphasis on 
the development of Improved rsefiecting materials and devices, and the de- 
velopmeat of various devices for dispensing the chaff. 

The concept of saturation by the use of decoys was introduced in the 
poatwar period. A research and development program to provide the tech- 
nical knowledge for active and passive target enhancement was started, as 
well ss development programs for both long- und short-range self-propelled 
decoys. The use of alr- and ground-leunched balloons as decoy devices was 
investigated. and developmental models wera built and tested. From the 
initial eimple devices the program developed into a long-range ground- 
launched decoy missile and short-range air-launched decoy missile, both 
with ZCM equipment, to enhatce the target return and « chaf capsbility. 
The long-range decoy also was given « limited jamming capability. 

A new type of pulse-anslyser technique utilizing multigua catsode-ray 
tubes has been developed by the Na«al Research Laboratory. In early 1947, 
WRL began developing multigun cathode-ray tubes. This developmen: es- 
tablished a new generation of cathode-ray tubes for militazy application in 
this country, resulting in joint Army-Navy specifications for tnree- and five- 
guu, fint-faced, rectangular screen tubes having excellent performance char- 
acteristics of spot size, deflection sensitivity, and tiace locution. In 1948 the 
first experimental <nulitgun signal analysers were inatalled in a new ship con- 
figuration aboard the U.S.S. Columbus. This equipment waa later put into 
production, and was known as the AN/SLA-1 pulse analyzer. <t utilized five 
sweeps of different lengths, the first belng 0 to 5 usec, the second © to 50 
paec, the third 0 to 1000 usec, the fourth 0 to $000 usec, and the Afth 
0 ta 50,000 usec. An airborne version of this same equipment was the 
AN/APA-74. Its characteristics were identical to those of the AN/SLA-1 
except it was packaged for alrborne application. The Army’s contribution 
to this field is the AN/ULA-2 developed by USASRDL. 

Another three-gun airborne pulse analyzer, the AN/ALA-3, utilized expo- 
nential sweep for ite displays. Further developments in Integrated display 
units for pulse analysis, direction finding, and panoramiscope presentations 
were developed for the rapid-scan equipzients which later became the AN/ 
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WLR-1 and the AN/ALQ-28. Here the pulse-znalyuls scope utilized one 
exponential sweep 0 to 10 ysec long and 2 two-decade iog sweeps, one 10 
to 1000 ueec and the second 1000 te 100,900 ~sec long. 

Investigation on fundamentai circultry was done at NRL for demodulating 
aii types of pulse modulation. These units incorporated features fcr pulse 
width, pulse length, pulse pericd demodulation, cr any combination of the 
above. Also included was circultry for generating « synchronising pulse 
wnen no tync pulse was transmitted with these systems. Because of tie 
highly specialized nature of these equipments, only a few models of these 
systems wero developed for very special applications, The techniquc: de- 
veloped were adopted, however, for use by other countermeasures groups in 
tnisslle telemetering demodulation in many specialized applications. 


2.2.6 Current Developments in Vacuum Tubes 

The subject of vacuum tubes {s of prime importance to the counter-mea- 
sures research and development program, and some consideretion ! this 
matter is therefore required, It {s, however, difficult to give a cinplets plic- 
ture of the vacuum-tube situation without iisting available anc de sloped 
tubes In tabular form. Numerous tabulations of vacuun-tube deve nments 
have already been made, or are in the process of being mede. The following 
discussion will therefore be confined to a summary of the vacuura-tube pre- 
gram. 

Conventional] tubes are now available or In the iate development atages, 
for frequency ranges as high as 1000 Mc, at ihe 6-kw ievel, 

The CW magnetron program which was established during Wasld War IT 
continues. Magnetrons for the frequency range frum 90 to 1200 Mc and 
for a power output level of approximately 150 watte are available in limited 
production. Development has been completed on several CW magnetrons 
at the £50-watt level for S-band anc X-band frequencies. 

In the 1-kw range, difficulties are still be‘ng experienced in obtaining satia- 
factory CW production tudes in sections of the frequency range required by 
the countermessures program. 

In the klystron field, high-powered xlystron amplifiers in the uhf region, 
intended for whi television applications, are available. Studies are being 
carried out to determine whether ficating drift-tube klystrons heve sufficient 
tuning range, power output, and efficiency to serve as a useful interim sub- 
stitute for the 1-kw magnetron which are being delayed. Klystron amplifiers 
capable of pulsed outputs in the megawatt range at S-band have been suc- 
cessfully produced at Stunford snd General Electric, but these tubes ere not 
generally satisfactory for countermeasures applications. 

Severel varieties of Resnatron oscijlators and ampiliers capable of high- 
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efficiency CW power outputs es high 
form of laboratcry models. None of 
off, and there appears to be no pr 
amplifiers or oscillators having a sati 
future. 

A considerable amount of work is now being done on broacband travel!ng- 
wave amplifiers and dispersive traveling-wave amplifiers. This includes work 
at Stanford on dispersive ampifiere (for the S-121, AN/ALR-Z recelver), 
low-noise receiving traveilng-wave tubes operating as high as X-band, 1-watt 
S-band amplifiers, 150-Mc 40-watt amplifiers and 190-watt S-band ané 
X-band amplifiers. Pulsed helix-type amplifiers for power outputs as high 
as !-kw have been corapleted a: Stanford for S-band and Kw-baend applica- 
tions. 

At the present time electronically tunable oacillators aud amplivers, such 
as backward-wave oscillatorc and caicinotrons, are belng emphasised in 
the program. It is probable that tubes In these categories will be found 
suitable for operation at frequencies over the entire spectrum from 100 Mc 
to the millimeter region, and at power levels ranging from miiliwatts to 
kilowatts. Investigations of backwurd-wave oscillators at Stanford and Bell 
Telephone Laboratories have now resulted in the development of tubes for 
va.ious frequencies by a number of c nies. 

“‘Carcinotron” is the name given to a tube of this type by its inventor, M. 
Wernecke of the Compagnie Générale de Telégvaphie Sans Fil, Paris. France. 
There are two types of carcinotron; a type 4 carcinotron which employs 
crossed electric aad magnetic fields, and a type O carcinotron, which Is 
almiler to a backward-wave oacilistor. 

The General Electric Company sad The Univerzity of Michigan are 
work!ng on an equally important tube, ithe voltage-tunable magnetron, which, 
Mke the backward--vave oscillator, promises to have importar: counter- 
measures applications. 


a 50 kwh ve besn produced in the 
trbes has, however, been scaled 
t prospect that sealed-off Resnatron 
factory life will be available in the 
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Perspective of ECM in Modern Warfare 
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3.1 Introduction 

The primary function of electronic countermeasures is to destroy the 
utility of enemy communications, weapons, and zurvelilance devices. The 
utility of these devices can be destroyed In varying degrees by denying 
information or by providing erroneout information. The evantual recult of 
the use of electronic countermeasures may be physical destruction, as in the 
precatr « Of a missile warhead, or perhapa denial of use, as in the con- 
fusion ....: acking radar system. 

The bac.. function of electronic countermessures has remained the sasme 
since its Inception, but manifold applications have been made over the 
years. Because of the multiplicity of applications, it is heloful to consider 
various espects of electronic countermeasures in light of the geographical 
bagis of the several phases of warfere. Separate consideration of these phases 
shows the variations (in the countermeasures) caused by the parameters 
apace, time, and environment. The divisions of this chapter are based on 
geographical environment: (i) airborne ECM, (3) ECM fn surface-type 
naval operation, (3) ECM in air defense, (4) ECM and ground operations, 
(§) ECM end underwater operations, and (6) ECM !n space. In the subse- 
quent chapters, the material has been organized on the basis of technical 
significance. The reader wili recognize that many techniques are used in alli 
wix of the areas of warfare mentioned above. However, the varicus para- 
meters and special problems make the geogrephical breakdown useful. 
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3-4 ELECTRONIC COUNTERMEASURES 
8.2 Aisborne ECM Syetone 


8.2.1 Genera! ECM Functions 

Electronic countermeasures perform two genera! functions in aircraft: (1) 
desense and (2) reconnaissance. Tha electronic defense of an aircraft In- 
cludea active and passive means for defeating : ‘acking weenona relying 
on electronic detection, alming, fuzing, or guidance metheds. The recor- 
naissance or data-gathering funciicn provides information on the types of 
signals and their sources for elther tactical or technica! uses. In a given 
aircraft, both defensive and reconnaissance functiona are usually combined 
in varying degree to sult the mission requirements. An aircraft primariiy 
intended for reconnaissance nevertheless requires detenaive protect!on. Sim: 
ilarly, In a mission with no data-gathering functions, some information ca 
the signal environment is needed to operate the defensive equipment. Since 
the aircraft must survive tc accomplish its mission, sufficient defensive 
strength to assure the necessary survival probability is the primary ECM 
consideraticn. Attack on an aircraft penetrating a defended area is con- 
trolied by early warning (EW), surveillance, airborne intercept (AI), and 
> ‘toa tracking radars. Communication, guidance, and fusing signals may 
saws be essential to the attacking weapons. The effectiveness of variour 
electronic countermeasures (n protecting aircraft penetrating enemy de- 
fenses can be very great. Conversely, improper use of countermeasures can 
destroy tke often vital element of surprise and sasist [ntercepting weapons 
in finding the!t targets. 

Countermeasures available for aircraft defense and airborne reconnais- 
sance equipment are considered separately in the firat sections to follow, 
and finally in combination to form systems 


3.2.2 Countermeasures against Early Warning (ZW) Radars 

Detection must precede any attack; hence, avoiding detection is the 
earllest countermeesure at the disposal of the aircraft defense. Early warn- 
ing (EW) radars, on the surface or airborne, firet detect approaching air- 
craft. Therefore, evading detection by such radara constitutes the Initlai 
step in aircraft defense. 

The maximum detection range ¢ cf & given radar is propertional to 


Wa {6, ¢), Where o(6, ) Is the echoing area for the particular aspect (9, ¢) 
presented to the radar; to halve the range, 7, 7(@,¢) must be reduced 12 db. 
Thus, even modest delays in detection can only be purchased by order-of- 
magnitude reductions in aircraft reflections. These reflections are critically 
dependent on the arigles (6,46), and may vary as much as or more than 
+206 db from maximum to minimum. If detection is to be escaped during 
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flight over an area or perimeter defended by radars separated by s spacing 
R, the detect:on range nust be reduced to r < R/2. The problem cf reduc- 
ing o(6,@) sufficiently to accomplish this wer the probable ranges of fre- 
quency and angle is severe. The resultant penalty in aircraft performance 
with techniques currently evallable becomes excessive, even though the only 
counter-countermeasures are to make more aenaitive radars or to space them 
more closely. 

Hiding the aircraft in a cloak of radar invisibility, although potentially 
moat effective, therefore appoars unfeasible against a well-designed defensive 
perimeter. Failing this, the next beat choice might be to cunceal one or more 
aircraft behind a cloak which is itself visible, but obscures the nature and 
location of the true targete. This alerts the ground defense that penetra- 
tion of its domain is under way cr in preparaticn, but withholds vital in- 
formation on target locations and charact’ “sties, Such a cirak may be 
produced by either active or passive means. 

If a substantial volume surrounding the ircraft is Alled with reflecting 
elements, i.¢., with chaff, the aircraft echo ‘« concealed In ail directions by 
the profusion of apurious echoes. Sic « corridor must be sowed. However, 
the sowing vehicles sre also partially concealed by the reflectors they 
dispense; thelr presence can only be deduced as belng near the end of the 
corridsr, 

The sowing of a corridor of group of corridors is an e!aboraie operation 
which reduces the time and space available for a given mission. Depending 
on the type of weapon deployed against a penetration mission, this may or 
may not have adverse effects ca susvival probebliity. Generaily, the closer 
the weapon control from the ground, the mere effective the corridor tech- 
nique becomes. Against MTI" equipped radars, the corridor technique 
increases the background clutter, and hence reduces the usable range. In 
areas with large changes in wind velocity at various levela (wind shear), 
MT®! radars are particularly vulnerable. In general, the presence of cheff 
severely hampers the EW radars, and various types of MTI offer only 
partial protection to the radars. 

The radar echo from an eircraft also may be masked by jamming signals. 
These simply override the true retura in the receiver input circuits. The 
resulting strobe display pattern {s easily recognized, and can usually be made 
to yleld azimuth Information. The absence of range data in the strobes 
nreyenta direct target location, since triangulation from multiple raaars 
produces many spurious solutions. 

A barrage noise jammer: raises the aolse level over a broad frequency 
spectrum, Including the receiver acceptance band, to a level determined by 


*Moving-target indicetion. 
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the jamming signal streagth at the receiving antezna, This Is equivalent to 
increasing the nolse figure of ths receiver, end deteriorates tbe radar pez- 
formance in the same manner. When pushed far enough, this “brute force” 
or thermal method can render ineffective active radar operations by ralaing 
the background noise to intolereble levels. Negation of waining radars by 
kerrage jamming is a relatively sure method, but requires massive power 
to cover much of the available snectrum. The barrage mathod also invites 
the use of counter-countermessuirns, including special trianguiation pro- 
cedures and correlation receivers fur locating individual jammers. 

The broad-scele countermeasures against warni.g radars discussed 40 
far make little use of specific properties of the radar. By concentrating the 
effort on a particuler aspect, economy in jamming can be achieved. Spectral 
concentration involves placing the jammer power only in bands occupled 
by enemy radars. This resulta in orders of maynitude greater opectral ef- 
ficlency, j.4., many times the woeful jamming signal per watt of transmitter 
power. A narrowband or spct jammer must be eet em the radar cparating 
frequency. Automatic set-on cireultry te do this iz complex, and often ensily 
defeated by ‘oo many signals, or agile frequency chenging by che radar. 
Preset or manual set-on for spot jamming is, of ccurse, even more easily 
countered in the same fashion. 

Mezt efficient ia principle is the concentration in both frequency and time 
achieved by the deception repeater or tranaponder, Here, vulees in addition 
to the true echo are transmitted te produce many false returns. Tho false 
targeta may simply apzeer rather randomly to confuse the rader, or they 
may be carefully »rograramed to have realistic courses. Both the simpler 
confusion devics snd the complex programmec repeater usually enter the 
radar cutenna through ita minor icoes, and can be countered by the proper 
rejection circuitry. In the absence of such circuitry, changes in target alse 
and ecintiliation may enable an experienced operator to separate true and 
false targets. 

For every target on the display, the radar operator must make a decision: 
is it a true target or false? If a true target is considered false there will be 
no interception, hence a minimum of Incorrect decisions by the radar oper- 
ator 11 mandatory, Alternatively, faise targets accepted as true dilute the 
available intercepting forces. If the total number of targets accepted as true 
exceeds the capacities of the intercepiing forces available, saturation cf the 
ground defenses may cause a breakdown In the normal tactics and prevent 
proper assignment of weapons to bomber targets. False targets produced by 
electronic means can be identified with sufficiently elaborate circultry or 
peasibly by carefully tralned operators. A relatively sure method of provid- 
ing the requisite number of targets is to use small decoy alrcraft in large 
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numbers interspersed with the bomber force. Within mits, amall and cheap 
decoys can be provided with enhanced echoing power tc render them {n- 
distinguishable from bombers for the radar. Rather elaborate changes in 
the carly warning radar system may be required to circumvent the decoy 
problem. One auch change night be the use of bistatic radars to identify the 


highly divective scattering nattarn of corner reflectors used fn enhancing the 
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decoy echo. 


8.2.8 Counterm2easures ageinst Alrborne Intercept (AI) end 
Fracking Kadars 

Reduction in the effective range of alrborne {ntercept (AI) radara has an 
effect similar to a proportional reduction in carly warning range. In both 
cases, less distance from the target is needed; in the airborne Instance this 
means nc* only more radars, but also more interceptor aircraft. Complica- 
tions such as MTi are also greawr penalties in airborne equipment. Denial 
of range laformation by barrage or snot lermmers ‘s of less Importance since 
azimuth data inay suffice for the Interceptor to close the range. On the other 
hand, « false target accepted a3 true for oniy a short time may place the 
interceptor or miselle on a ccurse from which the target can no longer be 
reached with avaiiably fuel supplies. The possibility of homing on barrage 
jammere must also be considered. Intercept operations can be facilitated by 
strong barrage signals, if the interceptor !s equipped to home on them. 
However, the homing cepability must alwaya be auxiliary to some other 
acquisition and tracking system, In a sense, homing {s, therefore, a second- 
line threat. 

As the range is closed, the intercepting alscraft or missile switches 
from the search to the tracking mode of its AI radar. At this late point in 
the engagement various ochemes for breaking lock jn the tracker remain. 
A tracking radar provides accurate range and azimuth daia to direct 
weapons to within lethal radi! of the target. Therefore, ar aircraft being 
tracked by one or move hostile radars is probably in acute danger. Aircraft 
defense systems assign correspondingly high priority to countering a tracker 
once It locks on its target. 

High antenna gain and range gates concentrate the effective radar power 
in space and time. This makes it difficult to cope with the radar once it has 
locked on target. The time available for dislodging the tracking radar is 
also short. In return, the time for reacquisition, once tracking ‘« broken, Is 
even shorter. At close ranges, any prcetracted break or error !n the tracking 
date can result in a complete loss of the target. 

For many probable angles of illumination by a tracking radar, it is pos- 
sible to sharply reduce the aircraft radar cross-section by suitable shaping 
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cf metal surfaces and the use of adsorbing materials. The resulting reduc- 
tion In eche facilitates the function of jammers. Overpowering a tracking 
radar by noise jamming Is difficult unless alded in this manner because of the 
power requirements. However, several achemes successfully utilise specific 
characteristics of the tracker. These Include chaff, range-gate-grebbers and 
inverse gain repeaters. in each case, the redar is pulled off the true targox 
and forced to search aguin to And It. In each case tt ls alao poaaible to pro- 
tect the radar against the countermeasure to a contiderable degree, although 
not completely. This pretecticn is purchased, however, by complexity which 
mey be unacceptable In very compact systems. 

The use uf phase comparison (interferometer) seekers in missiles, and 
various other nonscanning-type trackers poses special problems in couz<er- 
measures. Noise jamming can destroy range data, but the radar is generally 
able tc track the nolse source without difficulty. However, the natural 
lircitation of tracking in the form of target acintillation or glint can be en- 
hanced to jam phase comparators; by utilizing several widely spaced an- 
tonnes, a false phase front can be generated which produces a amall angular 
error in tracking. Changing the tilt of this false pkase front introduces an 
osclilating anguler error into the tracking antenna. The dynamics of the 
tracking servo system can then be utilized to produce large angular excur- 
sions. The locus of these excursions can, by proper location of a leest three 
sources, be made to Lie fer from the target ut all times. 

A related tactic is feasible against infrared seekers which home on the hot 
surface of the aircraft. If the trackur can be made to follow a beisht decoy 
fiare for a brief interval, the large engular error introduced makes it 4diffi- 
cult for the seeker tc reacquire the true target in the time available. Both 
the limited field of view and the servo dynamics of infrared seekers offer 
possible fields for countermescures. 


§.2.4 Communication, Guidance, and Fuse Countermeasures 

Unless the acquisition range of missile seckers or AI radars is very large, 
additional guidance from the ground is required to achieve contact between 
attacking weapons and the alrcraft under attack. For manned interceptors, 
guidance may be by voice command, or by data link. In automatic syatems, 
data is transmitced over a speciai link, which may consist of coded pulses 
from the ground tracking or survelliance racar. This intermediate stage of 
cont.ol or midcourse guidance occuples a special! position in countermeasures 
for aircraft defense. 

Where the information is transmitted In uncoded form by relatively low- 
power omnidirectional ground stations, the link can be broken rather easily. 
The result Ja thet interceptors must follow preaasigned courses. Such “broad- 
cast” or “‘alngie-vector” contro! materially reduces the prcbability of inter- 
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cept. However, the jammer may serve az a beacon fi the attacking aircraft 
‘s equipped with homing equipment. 

By communicating over a directional channe!, such as 6 tracking radar, 
or by suitably encoding the data, the ground station can secure reilable con- 
tact with an interceptor or misaile. Thus, the ground operstor can confine 
his iranemissions in time or frequency, as well ag in sotld angle, so as ts 
place the airborne jammer at a great disadvantage. 

Because of the wicely differing results which can be realized, jamming of 
communication and guidance links demands particular attention, The rather 
general principles applying to varicus types of radar countermeasures must 
be replaced by specific rules applying to each particular situation. For 
example, airborne communications jammers have been used with succeza 
against enemy tactical ground communications, such as between tasks. 

Jamming the fuse of a missile by prefiring or inactivating is the jast 
recourse avaliable in aircraft defense. Certain types of active fuzes are sus- 
ceptible to jamming, However, a fuze is inherently a low-information de- 
vice; it need only note its arrival on a predetermined surface about the 
target. The antennas and circuits to achieve this can be specialized to 
narrow beamwidihs and narrow bandwidths, respectively, with resulting 
high countermeasures resiztance. Because of the low probability of encoun- 
tering both an active jammable fuze, and of being able to cause its mal- 
function, fuze Jjemming occuples a minor place in aircraft defense. . 


5.2.5 ‘ilectromagnetic Reccnnalssanes 

Reconnatssance o> “Ferret” missions ere flown to acquire Information oa 
the electromagnetic radiation from enemy sources. Two broad clessea of 
information are generally sought, namely, detailed technical intelligezce 
information giving Insight on new enemy equipments, and ‘order-of-battle”’ 
information for immediate tactical evaluation. Actually, there is considerable 
overlap between the two, notably because of the desire for detailed {nfiorma- 
tion on particular enemy equiprients for tactical purposes. The technics! 
intelligence misslon seeks maximum information, end hence takes aa much 
time, space, and equipment as ie permissibie. A large aircraft loaded with 
electronic equipment, and supported by extensive ground-analysis apparetus, 
may be needed for such a mission. Some ‘‘order-of-battls” Information may 
be gathered by simpler apparatus and is often flown as part of another mis- 
sion. On the other hand, fer compiets coverage of all signals, the order-of- 
battle data desired approaches that for technical intelligence. 

Three principal types of Information are present In radio signals: (1) fre- 
quency, (2) modulation, and (3) source location. To these must be added 
signal strength and the all-important criterion of presence or absence. The 
accuracy required in distinguishing the type and nature of information deter- 
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minea the type of equipment used, and hence the nature of the mission. 

A high-fiying sircraft Is exposed to a tremendous number of signals. The 
largest and perhaps most important class, radar signais, may aumber !n the 
thousands, with fewer communication, navigation, identification, guidance, 
and jamming signals. To cope with this mass of information, some means of 
selection {a required. The particular choice of selection proceas determines 
to ¢ large extent the capabliities of the ECM syatem employed. 

The simplest type of system is the activity indicator. Here the se. .:t.sn fs 
based on amplitude only: en omnidirectional antenna (in the horizontal 
diene) and a bre’ and receiver are coupled to a threshold device. The 
primary use of t. stem ic as a warning device and actuator of sircraft 
Aefense systems. Signal amplitude {s a measure cf range, and hence of danger 
to the aircraft. By setting the threshold at a high level, only the strongest, 
and hence potentially most dangerous, signals are accepted. Isowever, none 
of these are missed: the intercept probability for dangerous signals js unity. 

A more complex receiver is included in sutomatic jamming systems. Here, 
the warning receiver is cxpanded to determine whether the signal is indeed 
a dangerous type. If the answer is affirmative, the recelyer output actuates 
defensive measures. 

Simple direct-detection receivers provide adequate senaltivity for detecting 
the main beam of radars. Minor lobes from radaca and also most other 
signala are below the nolse level except at close ranges. The number of 
elgnals the aystem must accommodate is much reduced by the lower sensitiv- 
fty, but a ertheless hundreds of pulses per second may be received. Some 
selection in frequency can be accomplished without sacrifice in intercept 
probability by parallel filters. Multiple directive antennas similarly provide 
sslection in azimuth. Pulse coincidence circuits between frequency and 
angle selection permit Identification uf pulses by both criteria. Selected 
pulses sorted in carrier frequency and azimuth angle may be stoved directly 
on tape or film. Additional analysis may also be performed at the time of 
reception to categorize the types of pulses, and thereby further reduce the 
data remaining for final study. 

A broadband nonscanning system of the genere)] type described provides 
data on the number and location of all radars !luminating the alrcraft. This 
information satisfies the most urgent tactical requirements. Some additional 
information is provided on the nature of the signals, and hence on the 
probable types cf radars. This is of value for both tactical and technical 
evaluation purposes. The entire system can generally be made compact, and 
suitable for Installation in smaller vehicles or as supplementery equipmer.t 
in larger aircraft. 

A basic problem of electronic reconratssance Hes In the huge amount of 
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information evallable to be extzacted from the signals within the range of a 
ecusitive receiver. A relatively elinple, sensitive, and selective receiver is 
the superbeterodyne. However, its high ser Aivity ls purchased at the price 
of intercept probability, as can be seer: from: the simpie considerations below. 

Receiver nolse places a lower limit on the detecteble signal strength. For 
a given false-alerm probability, the minimum Getectable signal strength is 
proportionai to the effective receiver bandwidth snd Inversely proportional 
to the antenna gain. Evidently che most sensitive ayaterns ars highly selec- 
tive in both frequency and solid angie. Such systems often require a rela- 
tively long time to cover e broad frequency spectrum and solld angle. 
Therefore, thelr probability of intercepting signals periodic in time can 
become small. in the cease of signals from scanning radars, the radar scan 
periodicity is effectively eliminated by sensitive receivers which receive 
aignals from the minor lobes of the radar antenna, For other types of 
periodicity, such as intermittent operation, added sensitivity cannot coim- 
pensete for the slow rate uf coverage or slow recelver scan, 

Given indefinite time, the single channel supermetarodyne can locate and 
identify all signals in sequence. In the transient situation of an alrcraft 
flying rapidiy over areas containing periodic sources, only a sample can be 
obtained. This is particularly true if a swept-frequency receiver is coupled 
to a scanning direction finder. 

Alternative systems involve many parallel channels with broadband tra- 
veling-wave amplification. Supplementary tuning is then required to deter- 
mine the frequency. Systems with very fast sweeps, with separate direction 
finders, with many parallel channels, and various other combinatlcns have 
Seen proposed to provide greater resolution. 

For systems intercepting many signeis, the analysis of the data is a 
difficult task. Video recording and subsequent ground-based analysis affords 
the most complete results. Limited airborne analysis, {cllowed by recording 
of selected signals, perhaps at an operator's discretion, facilitates handiing 
the mass of signals, and permits concentrat!ig on the important ones. 


8.2.6 ECM Sysiems for Aircraft 

The link between recennaissance and aircraft defense is the warning sys- 
tem. This may consist of special receivers and infrared detectors which 
actuate the defense equipment. The presence of certaln types of signals 
above a prescribed threshold level suffices te determine the need for chaff 
ejection or berrage-jamming operations. More complicated jammers carry 
thelr own Integrated receiving systems which provide the necessary {input 
data such es frequency and modulation for correct jammer operations. 

In a broader sense, the information-gathering (sensing) function should 
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be coupled to the ¢sfenslve cyucpment (action) through a computer. Here, 
the (aput data on the Instartaneous situation ls processe:| and an optimum 
over-sil defensive procedure caiculated according to predetesmined criteria. 
This permits coordinating all defensive meana, including aircraft maneuvers, 
defensive fire, and the varivus elec*<caic countermeasures. The very short 
duration of an engagement between auperronic vehicles renuires auch an 
electronic programming of the defense. 

The number of potentially useful ECM functions, both defensive and 
information sesking, ie so large that no a‘ugle aircraft can perform all of 
them. A compromise must theralore be made in choosing the ECM capabil- 
ity jor a particular aircraft and mission. Space, weight, and interference 
with other equipment cre the principal Mmiting factors. The space for elec- 
tronic equipment in aircraft is Hmited, and often unfavorably located. This 
is particularly true In the case of controls and antennas. Controls can be 
eliminated to » large extent by proper design and automatic operation. Un- 
fortunately, antennas for many Importaat functions may require the same 
space on the aircraft eurface. Multiplexing js a partial solution to thia prob- 
lem, but often limits the availability of equipment. 

Interaction between various equipments that can be carried simultaneously 
usually occurs via puwer supply or antenna, Operating all equipment at once 
may overload the generator capacity. Antenna Interaction between receivers 
and radars can often be blanked out. Jammers can be treated in a similar 
manner by blanking certain friendly frequency regions in the jamming 
spectrum. 

Weight penalties are measured directly in reduced aircraft performance. 
Fach pound of defensive ECM equipment must therefore be evaluated in 
terms of its contribution to the probable success of the mission. Reconnais- 
sance-type equipment fs perhaps best evaluated in terms of the number of 
aircraft required tc prcduce the desired information. 


8.$ ECM iz Surface-Type Naval Operations 


&.5.1 Surface ECM Functions 

Surface warfare at sea is inseparably linked to alr operations. As a result, 
shipborne systems are closely integrated with airborne equipment. Recon- 
naissance, for example, proceeds best from the air, and an exclusively ship- 
borne (ntercept system would have limited coverage. Similarly, no defense 
based exclusively on shipboard equipment Is probable. The over-all scope 
of fleet defense therefore is broader than either surface or air operations 
taken individually. The role of ECM in surface-type operations is cor- 
respondingly complex. Integrated systems for surface ECM have nat 
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evoived to parallel airborne systems. Nevertheless, individual functions have 
been highly developed, »ud these will be mentioned. 

Targets and time sco\ + in sea warfare differ significantly from those for 
alrborne systeins. Soms ilps have very large radar cross sections, but sub- 
marines can reduce their echo to sero. For low angles of attack, the horizon 
und sea clutter hamper radars. However, from high altitudes, the uniform 
surface of the sea provides a nearly perfect background for detecting surface 
vessels. Ships move slowly when compared with aircrafi, and the duration 
of engagements ‘s therefore longer. The interval during which reconnalasance 
data can be gathered is also longer, except in the case of submersible targets. 

To grapple with the wide range of conditions to be encountered, seaborne 
ECM equipinent must have high performance and flexibility. Fortunately, 
the space and weight requirements for antennas and equipment a:3 some- 
what less severe than In airborne applications. The equipments and tactics 
for surface ECM at zea are clacussed below. The general topics considered 
show close parallelism to the airborne situation. However, the details and 
emphasis «lffer materially. 

Reducing radar visibility cr echo, and providing false echoes are both 
potentially effective countermeasures against radars. At sea, the application 
of nonreflecting materials is sometiines hopeless, sometimes highly effective. 
Thus, the echoing area of 2 1000-foot vessel might be many acres. A reduc- 
tion sufficient to affect the detection range seems out of reach in this case. 
In contraet, a submarine periscope and breathing tube can be effectively 
concealed by an absorbing coat. The combination of a amali echo and the 
surrounding sea clutter makes a concealed poriscope very difficult to detect 
by rudar. In ships of emall and Intermediate size, the possibility existe of 
reducing or focusing the return by absorbers or flat surfaces. 

The smoke screen familar to naval operations !n past years has a radar 
counterpart in chaff clouds. In surface warfare, such clouds are difficult to 
sow and control because ef wind conditions and settling rates. The use of 
discrete false targeta ur decoys on or above the surface of the sea is a more 
effective way of concealing true targets. A host of false returns from decoys 
provides almost complete protection !f decoy and target are indistinguishabie 
to the radar. 

A naise-modulated jamming signa) obscures range [nformation. However, 
tho azimuth of the jammer can usually ke determined. In alr-to-alr engage- 
ments, the relative speeds and renges of attacker and victim aircraft sre 
auch that range data is needed to plot the required intercept course. Homing 
on an azimuth heading is effective only when the attacker has a iarge apeed 
advantage. In an air-to-surface engagement, thie speed advantage exists. 
Hence noise jammers offer limited protection againat sir attack on an iso- 
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lated ship. On the ether hand, a powerful nolse jammer can obscure the 
number of targets in its vicinity by saturating the victim radar receiver. In 
the case of surface searcn radars, denial of range information and obscuring 
of the number of targets materially reduces the value of the radar. 

The nolse jammer by Its own radiation provides an azimuth Leading for 
the attacker. This vulnerable feature is eliminated in a properly operated 
deception jammer, This makes deception equipment attractive for defending 
individual ships. The space available on shipboerd also makes feasible more 
complicated techniques than might be usable in aircraft. Azimuth repoaters 
against search and bombing radara, as well as various range anc angle 
repeaters against trackers, therefore ere potentially effective components of 
ship defense. Relatively simple transponder- and repsater-type devices may 
be used on decoys to enhance the return and thereby improve the target- 
deception effect. 

Active jamming against enemy communications has iimited wofulness in 
operations !nvolving surface yesseis. The presence of a strong jamming 
signal may provide long-range homing information which assists the attacker 
more than he is hindered by the jamming of his communications. After 
direct contact has been cstablished betweer, the attacker and target, com- 
munications are, of course, no longer necessary. 

Long-range missiles emplcy a variety cf guidance and navigation signals 
which are susceptible to countermeasures. With sufficient Information on 
codes and frequencies, the missile can be denied vital information and pcs- 
sibly can be given false data. Shorter-range missiles with lne-ol-aight guid- 
ance by beam-rider or command sre lesa vulnerable, largely because of 
concentrated antenna patterns. 

The final stages of a misalle attack mey be controlled by self-contained 
seekers and fuses. Here, the auvface vease! enjoya some natural protection 
from the sea return, and aiso offers a larg: piatiorm for antennas, jamming 
equipment, and intelligent operators. 


3.3.2 Shipboard Reconnaissance 

The signal sources within reach cf shipborae intercept equipment differ 
significantly from those accessible to aircraft. In the first place, fewer signals 
are encountered, partly because the ocean is sparsely populated relative to 
defended land areas, and partly because of the smaller area enclosed by the 
horizon at sea level. A second important point of difference is relative mo- 
ticn. Sources on the ground are mostly stationary, with the exception of a 
few In slow motion relative to the observing aircraft. At sea, most important 
Intercepts are these from aircraft or other ships and submarines. Exceptions 
might ba long-range guidance and communications signals at relatively low 
frequencies, as well as signals received from tropospheric scatter, 
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The motion of the intercepted source is an important item of Infor-nation, 
and reculres repeated position determinations. The ijatercep? equipment 
must also be able te cope with Intermittent operations, as in the case of a 
submarine surfacing for « brief period. The observation time may there- 
fore be short, cven thougt relative motion is slower than in air operations. 
Bearing information ard signal identification iz, of course, of vital import- 
ance to defense egainst attack from the alr or the sea. 

The availability of space and personnel on shipboard as welj as the re- 
duced signal density make manuel supervision of intercept equipment pos- 
sible. This permits greater flexibility in data processing and interpretation. 


8.4 ECM in Air Defense 


8.4.1 Opportunities for ECM ix Air Defensa 

The role of countermeasures in alr defense is confined to two rather 
diverse areas. The first of these concerns action egainst navigation and 
bombing radars in attacking bornbers. The second properly is a counter- 
countermeasure, since {t attempts to make use cf the signals from radar 
jammers in the attacking alrcraft, Thia techniqve of passive detection and 
tracking of jammers does not resemble the eniljamming “fixes” applied to 
radars. Therefore, even though radars ere involved In the passive systems, 
the techniques involved are generally grouped with countermeasures, and 
not with counter-ccuntermeasures or antijamming devices. Since nelthe. 
navigation and bombing radars nor jammers may be used by the attackez, 
ECM In alr defense Is strictly an activity of opportunity. The importance 
of such an activity depends on the probability of need, and on the potential 
effectiveness when used. Some judgments of these factors are necessarily 
included in the discussion of the two countermeasures areas mentioned, even 
though the primary emphasis is intended to be on ECM techniques. 


8.4.2 Countering Bombing and Navigation Radar 

Inertial and astronomica! reference frames are sufficient to provide gu! 4- 
ance tu within a apecified probable error. Whevs this error meets tactical 
requizerents, radar aids are not required and countermeasures equipment 
is superfiuo’ 2. However, a dead-reckoning approach to the target may not 
be adequate where a precise delivery point Is demanded. Ti: addit!on to the 
inherent errors in map measurements and in the navigation system, extra- 
neous factors such as wind velocity and changes in target position contribute 
to the total miss distance. The use of radar aids to supplement the naviga- 
tion system can then be expected. To locate a stationary target, only oc- 
casional fixes are needed for course correction, Intermittent radar operation 
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suffices to provide such corrections. Furthermore, the radar reference point 
need wot be close to the target {i suitably offset references have been 
selected. For movirg targets such as ships at sea, the offset technique 
evidently does not appiy. 

The Intermitten: signal of a bombing and navigation radar is inherently 
difficult to counter. Also, it may not be Geeirab'e to merely deny the navi- 
gation information sought by tha radar at one point. In this case, the 
borabardment can atill proceed with reduced accuracy. To be entirely au-- 
cessful, the ccuntermeasures should provide false navigation data which 
will maximize the miss distance at the target. In addition, the presence of 
several radars in the bombardment force is to de expected. Therefore, the 
ECM system must be capable of dealing with nivitiple signals irom dif- 
ferent locaticns. To perform such a task, the ECM system may Include two 
interrelated functions. These are: (1) obscuring the reai targets and (2) 
providing false target information. Several metkods for accomplishing these 
alms ara available. 

Perhaps the most obvious mevhod of obscuring target return is to reduce 
the echo from the salient geographica) features noticeable to the navigation 
and bombing radar. However, the large-scele changes in physical contours 
and iibera! use of absorbing material required make th!s approach practicable 
on a very limited scale only. Another method of chaaging the radar topog- 
raphy is te provides false returns that are sufficiently large and numerous 
to rask the existing features of the area. Both :eflectors and cepeater fam- 
mers are capable of pretiucing suitable false echoes. Finally, !t is possible to 
ralse the beckground nolse level by means of numerow nolse jammers. 
This type of interference provides a threshold level helow which the weaker 
echoes are masked. A carefully designed combination of false targets from 
reflectors and repeater janimers, supported !f necessary by noise jJammers, 
is capable of drastically altering the radar arpecrarcce cf an area. In some 
cases, the proper location of onty a few small jammersa hus produced geod 
results. 

The concept of a fixed area defense against many attackers does not 
apply in some cases. A ship at sea or an isolated military Installation might 
be rnore efficiently defended by countermeasures aimed at totally disubiing 
the bombing radar in the vicinity of the target. A powerful Jammer ith a 
directive antenna may concentrate sufficient power on the bombing radar 
to saturate the receiver through the minor lobes of the radar antenna. If 
radar data are the only guide available to the bombardier, he may than be 
obliged to attack the !ammer for lack of a bz‘ter target. 


$.4.8 Passive Deiection and Tracking 
There are two broad classes of radar activity in air-defense operations. 
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The first of these concerns detection, and is handled by long-range scanning 
radars, The second is target tracking, which is done by tracking radars of 
suitable precision. Both of these radar functions are susceptible to jamming. 
In each case, the effect of jamming is to reduce the maximum target cls- 
tance at which radar range dota become available. Since range information Is 
essential to both detection and tracking functions, some means of using the 
jeraming eignal to provide range Information i: needed. The techniques 
avaliable for this are now considered in turn for the detection function and 
for the tracking function. 

Detection of targets by a scanning (early warning) radar includes ident!- 
fication of c target in space end determination of its course. For this pur- 
pose, the radar output is placed on a PPI display, on which the targets 
appeer as dots. When a noise jarmmer of sufficient power is activated on the 
target, the dot becomes a strobe jine. As the jamming signal grows larger 
relative to the target echo, the redar gain must be reduced and the side 
lobes suppressed to maintsin a narrow strobe. A basic characteristic of this 
situation is that azimuth data remain available. In a defense net involving 
many radars, the intersection of strobes fron: several radars defines a target 
location. Unfortunately, when many jamming targets are present, there ere 
many false intersections or ghosts. Thus, when two jamming aircraft are 
received at two radar sites, two aziv.uth angles are obtained at each site. 
From these four possible poe!tions can be calculated, of which two are 
correct and iwo are ghosts. In general, * jamming aircraft produce 9? pos!- 
ticns of which n° — wm are ghosts. When three radar sites are used, it is 
possible to resolve the targets in principle. In practice, this requires a 
special display and a skilled operator, and is reliable only when the sitva- 
tion develops slowly and the rumber of interzections Is not too large. With 
increasing numbers of jammers, the el'mination of ghosts becomes more 
difficult. Of course, triangulation fails absolutely when several intersection 
points fall within one beamwiith of the radar antennas. In this case, the 
targets rust be recolved by identifying the range of the jammers. 

To provide the resolution afforded by radar range data, an alternative 
means of measuring range is needed. Such range deta may be obtained 
through observations made from tro sites. The difference in the time of 
transmission of the Jamming signals to the respective sites then gives the 
range. For a constent transmission-time difference, all possible sources le 
on a hyperbola—negiecting errors due to altitude, which can be made small 
by chousing a suitable geometry. A mechanism for finding the time differ- 
ence Is (1) to send the signal from the remote site to the central alte where 
processing fs to be done and (2) to insert a time delay in the output from 
the central site of auch a value that the signal after the delay is the name 
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as the signa) sent from the remote site (except for a poselble doppler shift). 
The difference between the ircerted delay and the time to send the signal 
from the remote to the local site is the time difference corresponding to the 
given hyperhola. 

To determine that the signal through the Inserted delay {s the same as the 
signal from the remote alte, the two sienala are multiplied together and thelr 
outputs are filtered. In most practical systems, the incoming signala are 
heterodyned to two different intezmediate frequencies so that the output of 
the multiplier will be a signal at the difference of the intermediate fre- 
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Figure 3-1. Antenne configurations for passive correlation stations. 
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quencies, shifted slightly by whatever doppler difference occurs at the two 
sites. Several types of ayetems using this principle are shown in Figure 3-1. 
— of thse algnificant features of the illustrated configurations ere as fol- 


| 

nae Omnl-Omnl (r - c): This method requires two paira of sites. Each 

receiver has all jammers as sources. Combining the two pairs to etiminate 
ghosts presents « computer problem. 

(2) Omnl-Scanning Beam (+ ~ 6): The available integration time is the 
same as in 2 radar with a similar beamwidth end ro‘ation rate, and hence 

4s longer than for the two-scanning-beam type. The peituities incurred are 
(1) that, alnce the omni has all jammers as scurces, when the beam crosses 
several jammers the product of the Input signal-to-noise ratio is low and 
(2) that a signal source emitting periodic components causes ghosts along 
the main beam. An addtional problem is encountered In azimuthal selectivity 
because of the one-way use of the beam. 

(3) Rapidly Scanning Beam and Redar-Rate Scanning Beam (6 — @): 
This system suffers from having too short a time on target. Although the 
average signal-to-noise ratio during a scan is very good, false alarme occur 
when a small number of jammers are in each beam. If the rotation rate— 
hence, the data-output rate—could be slowed down, the method would be 
very good. Two pairs of sites would be able to provide velocity information, 
and this would allow for a reduction in data rate. The radars supply only 
position information, however, so the processing becomes more complicate:’. 

(4) Scunning Beam io Muliibeam (6 — #6): The advantages of tals cype 
of system over the scanning-beam-to-omni system include the e)!:nination 
of the ghost problem caused by periodic signals, and the deccease in the 
number of sources received at the site where the omni was replaced by the 
multibeam. The disadvantage is the Increased complexity. 

(S) Muulsivle Bears to Multiple Beam (n@ — m6): The full multivie- 
beam-to-muliiple-beam system Includes all the advantages of the scanning: 
beam-to-multiple-beam systems and also eliows for greater Integration ‘irae. 
Again, the disadvantage is complexity. 

Tracking radars a much better aneser resolution of targets by? | 








jamming target ic angle only, since range data nze not ava? 

data are transmitted to a computer, which causes the wil — 
up the master radar beam. When the zine radar fi a ia , as 3 
stops and tracks it in angle. The vido signal ! ads a jamming target, 


: r.OMm the slave radar is trans- 
mitted to w correlation comput:> at the sits. 
? wa of the master radar, where St !s 
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cross-carrelated sich the video signal from the master radar to determine 
whether bots radars are tracking the ssme target. If not, the search of the 
slave radcc is resumed until the same target is tracked by both radars. Two 
verw’<e8 of the system have been proposed, the so-called ‘narrowband’ und 
‘““aideband” systems. In the former, cerrelation ia used only to determinc .. 
that the master and the slave radars are tracking the came target, wT 
range from the master radar to the jommer ia computed from eG PA ~ 
position of the two redars and the known length of the 507) 0° Oe 
them (the so-called 9 -- 6 correlation syztem). Wa 

In the wideband sysiem, the correlation rg : te: weanik te eiberiticn: tne 


range of the jammer from the mester = ae oh 
terms “narrowband” and “widebs: ‘ydar es in the (6 — r) oystem. The 


roe refer to the bendwidth of the cor: 
sand vile pele le ee be transmitted from the slave atation ‘vy 


of?ne narrowband case, only a 2.5 ke beadwicch fs 


st ao weed communication channels could be wed, whii2 in the 
bandeid’’A gfem the normal redar-receiver video (severe! megacyclés) 

Thi would be transmitted. 
A narrowband system would provide range with an sccutacy comper- 


Gs, asia to that of a normal radar tracking for ranges up to about twice the 


separations between the master and the sleve cations In the cardiodlie srea 
depicted in Figure 3-2. This would 
oe true as jong as %4e standard 
deviation of ‘he cnguiar tracking 
accuracies ci the radars 's of the 
ordex ci 8.1 mil, which would be 
ms, the cese for a singic jammer. Un- 
wa = \ 6f>ccunately, if mere than one jarm- 
mer were in the tracking racer 
beams, which are about 1° wide, 
the radar would angle-track the 
center of gravity of the collection 
of jamming sigzals. This would in- 
croase the errors in range cetermi- 
Fiouxe 3-2, Reson i which range error is ration hy an order of magnitude, or 
less than 20 yards (in yards from the maatc;). more than would be provided by a 
norms: tracking radar {n a nonjamming environment. The wideband sysiem 
would overcome this degradatinn in range accuracy when « number of jam- 
mers ure in the target-tracking radar’s beams. As each jammer would have 
a different correlation time, this would establish its location on the cor- 
responding hyperbelue with the two radar locations as foci. Thus, the wide- 
band system woudl provide better accuracy of range determination and 
better resolution, us compared to the narrowband system. 
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In conclusion, !t should be woted that the engle dxis furnished by 2 
jammed radar might equaliy weil be eupplemerited with range data from 
another radar operating at a different frequenc;. This redar might even be 
a elmpler range-only slave device. The merits of such alternative solution. 
involve evaluation of enemy capabilities and relative equipment costs which 
are beyond the scope of ECM technology. 


8.5 &CM end Ground Operations 


8.5.1 General Functions 

In the ground environment, ECM can be considered as another tactical 
weapon for a local commander's selection and employment. One might con- 
celve of strategic uses of electronic countermeasures, such as widespread 
deception through transmission of false messages, but sinew these uses are 
limited in wcope, only tactical applications of electronic countermeasures will 
te considered here. Tactical weapons should be employable down turough the 
basic combat units. In a ground operation, each of these units, when oper- 
ating az: a combat unit, rarely occupy or aro concerned with more than 
saveral square miles of ground. The ECM tactical weapon, because of its 
electromagnetic properties, can have effects om areas other than those cccu- 
pled by the combat unit and itz immediate opponents. It is, therefore, neces- 
tary that restrictions be placed on the free use of the ECM weapon by the 
local commander. The ECM functions most closely related tu ground-warfare 
operations include: (1) verlable-time-fuze detonation, (2) malfunction of 
enemy Grones, (3) ECM of unencighered tactical communication nets, (4) 
ECM of exemy mov.cr and artillery radar, (5) ECM of enemy electronic 
sirvelllance, (6) ECM of enemy tacticai precision somblag, (7) antijam- 
ming of enemy repeater ECM, and (8) ECM of enemy missile guidance. 
The reader will note that several of these functlors ave also acseoclated with 
environments other than the ground environment. However, the types of 
problems associated with these functions and the ground warfare environ- 
ment will be commented upo: briefly. 


3.5.2 Variable-Time (VT) Fuse Detcnaiion 

A target can often be damaged to a maximum extent by detonating an 
artillery shell, bomb or missile at some height above the target area. There 
are severe! types of VT fuzes which can effect detonation of a warhead at a 
predetermined height; the only type ef fuze considered here fe the radio 
frequency type slnce other types are not discussed in this book. 

The effectiveness of variable-time fuzes may be reduced first, by causing 
the fuze to predetonate at such a distance as to cauze little or no damage 
to the intended target and second, by causing the fuze to “dud” and allow- 
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ing ¢ (ae warhead to detonate on ‘mpaci. It 1s obvicwly desirable to predeton- 
ate) a warhead at a range such that no damage !s Mficted on the target. 
\ zecond course, impact detonation, is less desirable, ince in many’ cases 
the t..\ get still can be severely damaged. 

Reyeater jammers are the only effictive countermeasures’ Sgainet the 
sophistiA:ated, rall-frequency fizes. Special problems associated With coun- 
tering V°A’ fuses include that cf antenna interaction and that of woviding 
sufficient paower in a linear repeater (diicussed in Chapter 16). In smneral, 
the area pré\tected by 2 single jammer is limited, and one is foren t 
choose betwee: very large equipments o protect a number of army ums 


in large areas OX 2 number of smaller equipments to - tect unite in small 
areas. , 


y 





8.5.8 Melfuncttds of Exemy Droues 

Serious consideration ‘wet be given to the use of electronic countermea- 
cures against surveillance ‘\trone system: since they can prove to be zal 
threata to forces being obsess<:-4 by such systems. Countermeasures salght 
be successfully applied to drone gur ‘4e2ce or navigation syatems and to com. 
munication linka between a drone and :.-« control station. (Problems involved 
in the sppiication of countermeasures to -ensory systems carried by drones 
are discussed {: Section 3.5.6.) Self-conta:.. sd navigation systems may prove 
difficult to Jam or to deceive, while navigatic:. systems which rely on control 
stations may prove to be suaceptibie. Jamiving 4»! navigation or communica- 
tion links to a drone may prove to be a proiitab ': ondesvor since a Jammer 
transmitter can have a decid] :aage advantage (: 4 consequently a power 
advantage) over the navigation or communicatloi. sepngmitter. However, 
ihe range advantage can be offset througa the 6¢ ©.* dieactional antenves H 
scphisticated modulation techniques, or cedei. 


8.5.4 ECM againat Unenelphered Tactical Cov qunication 

Tie ja.aming of tactical communication transmission, i 9 ¢ 
probiom; the effectiveness of such jamming {s also difficult to gyciyyd 
factors bear upon the use of communications jamming. The q,, 
thet of jammer power. In general, high powers or height si. 
required because the jammer transraitter Is often located at « \vantuges are 
tance from the target receiver than is the communications tran greater dis- 
power requirements are increased still further by propagation an\ultter. The 
shielding problems (problema which arise because of the location\d terrain- 
receiver and jammer on the grourd). A second factor is that of fce\ of both 
with friendly communications. Many of the friendly communicatioriference 


will be operating in the same portions of the frequency domain e\ me 
» the 


\ 
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enemy com: :unicatio: ‘inks, and it would .sot be possliis to en.Nate com 
pletely inte:fererce with the i{siendiy communication systems. Interte:=* 
due to jarriming can be reduced through the use of such devices or tech- 
niques av <irectional ente>~se and sijpnai correlation schemes. Conalderatica 
must be given, of ourse, to the effect of these devices or techniquos on such 
things as «umplexity, malntezance, weigh, and volume. Still a third factor 
to be conr: ered ja that of inteliigence, wisich requires the evaluation of the 
volative warth of monitoring enemy communication links against jamming 
oe! these li ‘as, 

rom technical and tactical standpoiiite, one has three poaslile choices 
: for jamming tactical commualcaticn nets. The most stralhtferward pro- 
\ cedure is to place high-powered Jamiers behind friendly Hines aad to trana- 





mit appropriate jamming signals into enemy territery where the target 
rece'vers are iovaic¢. The high power required to produce effective Jaraming 
| is a disadvantage, as is the incresse? [inorfsrence with friendly communi- 
| cation nets caused by the high jaminer power. A secand pogdibllity is to 
plant expendabis fammers in enemy territcry in the vicinity of tis *2*eet 
receivers. Interference with friendly com municaticis links [s reduced because 
of Increased distances from the jammers. A major problem {is the develop- 
ment of satisfactory techniques for th: sowing of expendable jammers In 


* desired locations. A third possibility lor jasmine ground-based communica- 
\ tion links !3 the use of airborne jammers. In addition to auch ‘tactical 


problems as radiating the jammer power to the desired areas, all the diin- 
— cules associated with operating and maintaining eirberne electronic equip- 
‘ment must be overcome. An advantage possessed by airborne jammers is 
tive decrease In terraln shielding effects normally encountered in ground-to- 
growin jamming, 





3.8\8 ECM against Enemy Mortar and Artillery Tracking Radars 

Techi\ically, the problems faced in jumming mortar and artillery track- 

ing rada:\9 are the same as those faccd in jamming other types of tracking 

radars, Fijowever, a special problem ‘s involved In that the jammer often 

incurs « y2ower disadvantage because of the gsometry of the jamming situa- 

tlon. Win enemy mortar and artillery tracking radars are placed in defilade, 

~ it oft~.a becomes impossible to place Jammers at vantage points; the radar 
iF 





panes are sufficiently shielded by the intervening terrain so tat only 
srfail amounts of jammer power are intercepted by these antennas. If the 
jaxr\mer power output is Increased to overcome the losses, the jamming 
tranasmitter muy be of sufficient nulsance to become a prime target for coun- 
ter-ccQuniermeasures—-possibly in the form of direct fire from artillery or a 
miss. \ sim, 
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Omes sitters echernes can be considered for use + geen wortar 
and artilie:y tracking radars. ror cromonie, large gue vtities of chaff could 
be used to nagk shell trajectories. The chaff cous is fionewad by rounds 
fired previous to the baginadag of pestenged beuheailineel. Tae probdlime 
involved would include determining the quantities of chc# requirea, the 
chaff fall rate, and the effect of weather (winds) on the chaff distribution. 


8.5.6 ECM againet Electronic Surveillance Devices 

Electronic surveillance devices used in ground warfare may be either 
ground based or alrborne. Ground-based electronic surveillance devices con- 
sist primarily of reconnaissance (inteccept) receivers, MTI radars, and 


eae Jefrared scanners. The same problems attendant to countering tactical com- 
aumeeaRanets en exint for countering pround-besed intercept receivers. A 

jasmer may Sy SRP disadvantage with respect to a friendly trans 

mitter being moritorni by ibe Say: but high jan:mer powers may be 
a { interfering with 
required to cvercome propagatio: iower. ‘a ' 

one’s own transmissions and the question whether oc eee OF = or monitoring 
the enemy transmissions Is more valuable also oat Cround-leses ee 
radars operate as line-of-sight devices, é.¢., the radar antepna must point at 
the area under surveillance. Because these radars must essentially operate 

out In the open, they can more easily be subjected to countermeasures than 

can the intercept receivers. (Obviously, the location of a MTI radar can 

be more reedily determined than the location of an Intercept receiver). 
Difficuiies 77"! be encountered in Janmming these radars beceuse they car 
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be made to operate at sigua!-:-nolec ratios less than unity aud because the 
jammer radiation will often be subjected iw S'eh propagation losses. These 
redaic re made to operate only intermittently. 


Confusion techniques ciao igh? he used against MTI radars, “Wind4- 
mills,” rotating reflecturs, might b be tailored to sisnuiate the characteristic 
radar echoes caused by personne! or vehicles in motion. 

Airborne surveillance devices Include MTI radars, mapping radars, in- 
tercept receivers, and infrared scanners. The radars are usually area searck 
devices and may be eit’ « side looking or forward looking. Radar per- 
formance can be degrade. »y jamming, but cne may be forced to use a 
tracking jamimer; otherwise, the degradation Interval may be short. Inter- 
cept receivers are indeed susceptible to electronic countermeasures when 
these countermeasure: are designed to take into account the applications 
and modes of operation of the receivers. Infrared scanners, being passive 
devices, are net susceptible to jamming In the usual sense; however, decoys 
might be used to deceive the scanners. 
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8.8.7 ECM againet Tactical Bombing Radars 

Several aspects of ECM against bombing radars are discux in Section 
3.4.2. While that discussion deals primarily with the use of “ “M against 
racars carried by strategic bombers, much of the discussion ls upplicable to 
the problems of ECM use against tactical bombers. Obscuring real targets 
and provius=z false target information cap. be used in the tactical situation 
as Well as in inc streteme acustion, In cases where only small areas need 
be defended and in which the enemy is cine *ich-exploaive b-— ue, a few 
krv-powered jammers may suffice to provide s a lncge measure ui sontectlon, 
There are problems, of course, of placing the jammers in desirable locations, 
of turning en the jammers at the proper times, and of maintaining oquip- 
ment in the field, 





8.5.8 Counter-Countermeasures against ECM Repeaters 
ECM repeaters may be used against VT fuses, radara, or conwmunications 
equipment, The most straightforward antijam technique which can be used 
against ECM repeaters is satusation jamming, aince most of these repeaters 
Are essontisily linear amplifiers. This technique consists of overloading the 
repeater by transmitting a large CW signal in the passband of the repeater; 
the jamming signal normally transmitted by the repeater is reduced. When 
3 operating ground-based repeater jammers, one must face, as in operating 
ia much other ground-based radio equipment, the limitations imposed by 

ee ground-wave propagation conditions. 
ec 
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Tactical Sa systema in ground warfare cari be placed in the 
categories of surface-to-surface, suriace- G air-to-surface aystems. 
Of these, the surface-to-surface systems are probably, as 2-72, the least 
susceptible to countermeasures. Many missiles ip this group if a. 
listic type and are unguided or guided only during the early portions of 
their flights. Countermeasures might be applied should radio or radar con- 
trols be used from a ground complex during the guidance phase. Difficulties 
abound in cpolving countermeasures: the giidance complex may net be 
easily found; ithe range froi. 2 lammer to the guidance complex may be 
long; transmission times of the guidance raaics 2° radars may be short: and 
security codes may be used in command links. These problems ».:.; he al. 
leviated somewhat should a missile be radio or radar guided during its 
midcourse phase or terminal phase. The airborne missile may be more y 
easily located than a ground-control complex, and the jammer-to-recelver 
range may be shortened. 

Short-range, antiaircraft missile systems will be used on the battlefield 
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against aircraft, drones, cnd missiles. These systema will generally have, as 
portions of thelr guidance systems, acquisition radars and tracking radars. 
These radars can be subjected to countermeasures, but care must be exer- 
cised when these measures are applied. For example, an enemy could be 
alerted by an acquisition radar to the presence of a low-flying aircraft whose 
jammer is on; deeper ponetration might be achieved with the jammer off. 
As another example, some ground-based tracking radars und some missile- 
borne seekers are capable of tracking nolse; a countermeasure other than 
a nolse jammer would have to be used against such radars. 

Countermeasures may also be difficult to apply against tactical. air-to- 
surface misalle sstems since many of these systems will utilize unguided or 
inertlally guided missiles. The means for acquiring targets for these systems 
may be more susceptible to countermeasures than the syatems themselves. 
Au svvious countermeasure against electromagnetic-seeking air-to-surface 
misiiles is to turn of the source uf zadiction heing attacked. If this {s not 
feeslble, coutssion techniques such as false targets might be empioycd. 


8.6 ECM and Underwater Operations 

Both submarines and surface ships descend highly on acoustic phenomena 
to help find their snemios and to deploy thelr weapons. Sonar: (sound 
ranging) are used for intercept, idesxtifcation, and tracking purposes; and 
sound receivers are used {i acoustical homing devices. These devices and 
the countermenzure devices which cas be used against them are described 
in Chapter 23. Radars und magnetic anomaly detectors are other devices 
used by surface ships and auvmarines to detect each other; these devices 
will not be described. 


§.6.1 ECM against Surface Ship Weanons 

Svbmarines can use countermeasures to advantage when attacking or 
when under attack by surfe~s shizs. Mounted or towed jammers can be 
used to reduce the effective range of a ship’s sonars. Expendable jJammers 
can be used as a ecreen behind which the submarine could maneuver while 
attacking a ship or when escaping from a ship’s attack, Decoya might aiao 
be used tu advantage during disengagement from battle by misleading a 
se tas she submarine’s: 8 position, Another use of decoys is to deceive the 
enemy into thinking that there alc macys speecin_attacking the ship than 


there actually are. The more sophisticated decoys should be able to simulate 


doppler echoes, propulsion noise, waxes, and maneuvers. Typical probleme 
when using or devising guch decoys include those of programming a decoy's 
course and of simulating properly tha yarying echoes as a submarine presents 
its beam, iis bow, or fis stern to a ship's sonar. 
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8.6.2 ECM against Submarines and Torpedoes 

A submarine can often detect with its sonic devices the presence c' a 
surface ship before the ship can detect the presence of the submarine. One 
way to reduce this range advantage is to raise the nolse Jevel by means of 
towed noise makers or jammers. Some means of look-through must be 
provided for the ship’s sonar devices if the stratagem of raising the back- 
ground noise level is adopted. Expendable jammers can be used for screen- 
ing purposes by a ship as well as by a submarine. Decoys can also be fired 
between submarine and ship, either to confuse those aboard the submarine 
or to become targets for horning torpedoes. 


8.7 ECM in Space 

The discussions so far in this chapter have dealt with the use of electronic 
countermeasures {n war environments which have been explored and studied 
extensively. The expansion of military operations Into space will introduce 
new problems into the operating perspective of electronic countermensures. 
In general, the principles underlying the uses of electronic devices and 
alectronic countermeasures techniques in space will be quite similar to = 


obumbeved: whether on ea:th cr fe apace, all fulfill in a broad sense some 
function of surveillance or communications. Thie aiscucsion here of elec- 
tronic countermeasures in space includes not only interplanstary space 
operations but long-range ballistic-missile and earth-satellite operations. 


Oise way to examine the problem of countermeasures in space js to con: | 


sider countermeasures '= terms of the three functlons of surveillance“, 
jamming, and deception, Further, these functions can be applied fro~% the 
earth or from space to vehicles or objects on earth or /n space. ©~.us, the 
environmenta! combinations include space-to-apace, space-$--earth, and 
earth- to-space. In all, the three countermeasure fuactlane. “dines the three 
environmental combinations result In nine possible cov ,:termeasure environ- 

ments. Some of the space applications of counter mee” ares are: (1) electronic 
surveillance of objects on earth or in apace; (7° here "'aramlng and deception of 
ground radars; (3) Jamming and deceptie:<“of ground communications; 

(4) jamming and deception of satellite.“ communications (communications 
between satellites or between satelli*.<. and the ground); (5) decoys and 
penetration alds for launch, male Gurse, and terminal phases of ba!listic- 
missile flights; and (6) jamm7 ‘ig and deception of AICBM complexes. In 
the last category, AICA2M %*’mpiexes inay include such things as reconnais- 


ON A area 


Sanco vices on satellle~.4 sctellite interceptors, Infrared homers, early 
warning radars, lence-type detectors, and trackers. How rapidly progress 
iy made in the development of countermeasures in these areas Js somewhat 
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dependent upon the development rate of the systems to be countered. For 
example, the use of countermeasures by and against ballistic missiles has 
been studied extensively, while much less effort has been expended on the 
study of the use of countermeasures against satellite interceptors. In time, 
if and when satellite interceptors become a threat, more effort would be 
expended on the development of countermeasures for use egainst these 
interceptors. Problem areas, typical of the types to be encountered In the 
epplication of countermeasures In space are enumerated in the following 
sections. 


8.7.1 Countermeasures against Electronic Surveillance of Ob- 

jects on Earth 

Sensors which may be used on surveillance satellites are photographic 
and television cameras, radars, infrared detectors, and racio receivers. Satel- 
lites wit also have a means of communicating with some control center. 
A data link in the form of radio transmission might be used, or & capsule 
might be ejected. Both the sensors and the data links of satellite surveil- 
lance systems can be subjected to countermeasures. Whether the sensors or 
the data links or both are subjected to countermeasures depends on the 
nature of the particulary reconnalsaance system. 

Jamming might be successfully applied egainst radio receivers and radars 
by utilizing tracking jammers. Some of the problems Involved are deter- 
mining the frequency band of the receivers or radars, generating and trans- 
mitting sufficient jamming power, and appropriately placing jammers so as 
to obtain coverage over the areas to be protected. Infrared surveillance 
devices would be difficult to jam since they are usually scanning devices. It 
would be impossible to maintain a jamming source within a scanner field of 
view for any length of time. Intense light sources such as lasers could 
produce halos on photographs, but the pictures would be obscured only over 
small areas. Deception techniques in the form of decoys or shields offer more 
chances of success as countermeasures against photographic devices. 

Data links will be difficult to disrupt because, in most lnstances, radios 
operable only on command will be used. If these radios are operated only 
over the satellite user’s territory, {t will be difficult to place jamming or de- 
ception devices in positions where they can be used. If the nature of the 
command code can be determined, it might be possible to preempt the 
command link over friendly territory and to fill a satellite’s memory devices 
with useless data. Again, what countermeasure technique !s to be applisd 
denends upon the system to be countered, 


8.7.2 Countermeasures against AICBM Complexes 
A point defense, ground-to-air missile system (as exemplified by Nike- 
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Zeus) and missile interceptors iaunched from = satellite are two examples 
of AICBM systems. There has been considerable study devoted to the de- 
velopment of concepts and techniques for decoy use against tracking radars 
of point-defense missile system. The simplest technique which has been 
considered is to fragmentize the final-stage fuel tank of a missile so that 
the warhead could not readily be distinguished from the fragments. The 
potential use of this technique and others has aroused sufficient concern 
so that counter-countermeasure techniques are being Investigated. One of 
these techniques Involve examining in detail the radar signature of each 
object to determine differences in the spectrums of the radar echoes. Another 
technique involves examining the irajectory profiles of earh object to deter- 
mine If thelr mass-size ratio is like tiat of a warhead. As the counter-coun- 
termeasure techniques are improved, cid countermeasures must be refined 
and new ones must be devised. A new technique, for example, might involve 
the use of an expendable jammer. The jammer may have to be expendable 
to overcome track-on-jamming capabliities of e radar. 

Several satellite weapon syatems are being considered for use against 
intercontinental ballistic missiles during the missiles’ boost phases. In these 
systems, Infrared-seeking midsslies are launched from a satellite at the bal- 
Hstic missiles. Decoys immediately suggest themselves as a countermesaure 
to both an Infrared search device and to the infrared-seeking missiles. How 
many decoys should be fired, when they should be fired with respect to the 
firing of the missile, the decoys’ Infrared radiation characteristics, and 
thelr effectiveness and cost must all be determined. Because the infrared- 
seeking missiles use tracking devices, the posalt-ility of developing and em- 
ploying a jamming device exists. Whether or not such a device could he 
used would depend on the Infrared seeker's characterist!cs. 
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4.1 Purpose of Reconneissance 

Intercept systems are one form of reconnaissance and possess many of 
the characteristics of reconnaissance systems in genezal, Reconnalssance is 
a collection of information on the facilities, capabilities, and intentions of a 
potential or actual enemy, It {s the raission of recosinalssance to measure the 
effectiveness of these facilities; to eatimate thelr reliability; to determine 
deployment and changes in the enemy's strategy and tactics. Effective recon- 
nalasance leacis to effective redeployment and modification of one’s own 
strategies and tacticn. 

it la not enough, for instance, to determine the existence of a particular 
enemy facility. Data must be collected regarding its operational employment, 
usefulness, location, frequencies, power, fleld of coverage, rate of transmitted 
information, over-all reliability; and ita lmmunity from Jamming, detection, 
crypto-analyals, and natural and artificial Interference. In general, its threats 
and its points of vulnerability must be determined. These factors play a 
fundamental part in evaluatlag the importance of the facility tc the enemy, 
and in formulating one’s own plans. 

Ii is imposstble to properly evaluate the operation of ferret iniercept 
uvstems without remembering that the collection of information regarding an 
eneny's electronic and c.mmunication facilities is only one of the many 
Inte.jgence missions that must be treated simultaneously to gain knowledge 
of enemy strategy and facilities, and changes in either os oth, Total intel- 
ligence results from the following types of col‘ecticns. 


4-1 
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A. Visual 
1, Photo 
2. Television 
3. Human vision 
B. Communications intercepticn 
1, Traffic analysis and analysis of uncoded mensages 
2. Cryptographic analysis 
C. Elecironic Intelligence 
1, Deployment 
» echnical intellly:ence 
3. Tracking of ele,,unic sources 
D. Radar Intelligence 
1, Mapping 
2, Search and tracking 
E. Infrared detection 
1. Image forming 
2. Search and tracking 
F, Collateral information 


Any one of these types of intelligence, though powerful in Itself, may have 
a very much Increased importance if used in connection with another. One 
discovery by eny sensor can trigger a collection procedure by one of the 
other sensors, a procedure designed to confirm or discount the conclusions 
that may be drawn from the initial collection. 

Thus, one type of sensor will give rough information which can act as an 
alarm by which detailed informatlon-gathering devices can be turned on. 
The Infrared detection of a missile, for instance, will alert the sensor whose 
mission it is to detect guidance signals. Another example: the receipt and 
analysis of an electromagnetic signal can establish the reliability and sccur- 
acy of a covert source. 

Electronics reconnaissance has immediate use in dictating a reaction capac- 
ity; it has a long-term use in the strategic evaluation of the enerny’s capabiil- 
tles, The value of the data acquired from this iype of reconnaissance depends 
ultimately, of course, upon their use, The following pages will discuss prob- 
lems of collecting ELINT information, and some of the knowledge to be 
gained from such information. 


4.2 Distinction Between Reconnalssance anti Communication 

Electronics reconnaissance differs significantly from) communications 
reconnaissance. For one thing, the smount of Information required for suc- 
cessful electronic intelligence (ELINT) is much less than that required for 
successful reconnaissance of conventional message-carrying chaniels. | 
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Effective electronica reccnnalssance requires the surveillance of very large 
frequency bands, yet such surveillance fs within the range of possibilities, 

There are facets of electronics reconnalasance that are not found in com- 
munications reconnaissance. 

Note, for instance, that the geographic location at which a signal is inier- 
cepted, its aizection, its rate of change of bearing, etc., represent data that 
are not usually relevant to conventional communicatio:.s reconnaissance. 
Such data are relevent to navigation systems; but there the data are put to 
a diferent use from the use to which they are put in electronica reconnals- 
sance. 

The reaction of an enemy to a@ particular penetration atte:npt conveys 
useful Intelligence information—it can teil much about his capcbilities and 
his plans for putting these capabilities to use. In conclusion: electronics 
veconnaissance is not the same as message reception. This difference has 
been neglected In many recent reports. 





4§ Relciion Between Deta Required and Their Iatended Use 

It is perhaps helpful, but often forgotten, that the fundamental! usefulness 
ef reconnaissance !s a function of the use to which the data are put. Jn 
generat, mere recording of data postpones—-no2 serves-—-the analysis purpose. 
The recording of data that are not analyzed {s often a greate: waste than 
merely the obvicus waste of recording capabilities: useful information may 
rave been negelected during the recording process. A useful rule might be 
that information must be recorded only if it is clear how the recording will 
be used. 

The processing and analysis of electronics reconnalssance data are often 
ao time-conauming that Is it only the availability of computing machines 
that makes pessible efficient reconnaissance capability, Unfortunately, the 
types of analyses required vary a great deal and depend upon the type of 
electronic facility being observed. Some analyses require manual and direct 
observation, Others require coordinat'on of a number of sensors. This ts a 
fundamental) part of the electronics reconnaissance problem. For example, 
to estubliah by analysis the existence of a beacon responder system, it Is 
necessary to obtain reconnalasance Intercept on both the Interrogitor and 
the responder, Because of the character of electronica reconnalssance, It is 
always necessary to work from a large mass of often useless data In order to 
fing the few items Ikely to have immediate Importance and direct useful: 
ness, Separating, sifting, and sorting are some of the most dificult: and 
Important tasks in analyzing electronics reconnaissance data, For example, 
repetitton of a detected signal, which will occur many times, only confirms 
its existence; it does not add new data. 
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It is not a purpose of this chapter to explore the final destiny of recon- 
nalssance data after completion of the siualysis procese; but one should 
remember that dissemination of intelligence data is just as important a part 
of the over-all system as the collection and analysis for those dats. 


4.4 Operational Use of Reconnaissance Information 

The detection of electronic {facilities installed by an enemy preaents one 
of the best methods of reaching conclusions regarding his deployments of 
weapons, aircraft, missiles, and other tocls of alr, sea, and ground battle. 
In the case of the Strategic Air Command (SAC) for example, knowledge 
of the deploymen! of weapons permits an optimum planning of penetratlon 
for a maximum chance 6: reaching the target safely; in the case of ground 
forces, it permits evaluation of the direction of enemy effort and suggests 
tactics for reacning weak spots in enemy deployment. The proper balancing 
of electronic countermeasures and active weapons, and the over-all conduct 
of the battle can be very greatly implemented by detailed knowledge of the 
employment and deployment of the enemy’s electronic capauilities. Perhaps 
one of the most striking examples of the use of electronic reconnaissance to 
determine enemy reaction is thet involved in neria! warfare. 

Electronic countermeasures can be emploved against electronic weapons 
with a substantial power advantage. In the early days of electronics, the 
number of electronic weavons was small and their sophistication was nut 
that of today’s electronic weapons; consequently countermeasures could Le 
effectively employed with relatively small powers. For inatanos. frvers of 
the order of -rvagnitude of a tenth of a watt per megacycle were sufficient to 
effectively | ' the German radars during World War If. Besides, the Ger- 
man radars «cunied an over-all bandwidth of no more than S500 mega- 
cycles; fo. chat reason, @ total of SC radiated watts could do a satisfactory 
Job against the German defenses in 1943 and 1944, 

The situation haa been changing rapidly. With the progress of electronics, 
the aumber of electronic wears: has increased immeasurably in the last 
ten years; also, the sophlsitcation of these weapons haz made jamming 
atexdily more difficult, At thin writing (1959), powers of the order of 16 
to 20 watts per megacycle are required to effectively Interfere with the 
operations of some of the modern types of radars. The aveilability of new 
tubes and components has permitted the use of wider and wider frequency 
ranges so that tadsy as many as 10,060 megacycles are avaliable to an 
electvonleeminded enemy. One could, therefore, say that a brute force jam- 
ming effort, based on no Information whatever of the cnemy’s Inteidons, 
technical cap. billdles, and deployment, would require 200,000 radiated 
witts. That means approximately 1,000,000 input watts or 1000 kilo- 
wilts, Input powers of this order of magnitude are not available to present- 
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day aircraft; thus, it is imperative that accurate Information be tnade 
available to operations plannezs for effective use and deployment of chaff, 
deception, and jamming capabilities. 

If we knew the exact frequency ranges in which an enemy would use his 
capabliities, we could reduce by a factor of about 50, and perhaps !00, the 
electronic countermeasure equipment needed for an aerial strike against his 
country. Although it is not the only method of obtaining such intelligence, 
electronic reconnalssance is one Impoitant method. 

The sophistication of radar and electronic devices is such that some of 
their important characters cannot be revealed by passive listening; how- 
ever, the information gathered by passive Matening contains the majority of 
important data. For example, the availability of ccherent or rn nccherent 
“Moving Target Indication” cannot be determined by passive intercept of 
signals, though the probability of its existence may be deduced from the 
stability of the transmission. The data that passive listening gather, coupled 
with the collateral information, might provide knowledge far more difficult 
to acquires than the knowiedge passive listening might be expected to 
provide. 

Another example of operationa! use of electronics reconnalssance can be 
described in terms of immediate reaction capabilities. It ia well known that 
electronic decoys are particularly useful in the presence of passive locators; 
decays can prevent an enemy from effectively triangulating on our own jam- 
ming cr repeater transmitters. On the other hand, the number of useful decoys 
that an alrcraft can carry during a deep penetration mission Is limited. it is, 
therefore, importent that a preprogrammed set of renaing devices be supplied 
‘o an alrcraft to permit the release of decoys at times of maximum usefulness. 

Operationai use of ELINT can be demonstrated by cxamples of other types 
of warfare—for fnstance, in the protection and detection of sudmarines. 
Recent mancuvera have proved that a submarine can, dy passive listening to 
r-f rnalations, effectively detect the presence of enemy aircraft and, in many 
casea, of convoys or enemy forces. For this reason, passive reconnaissance fn 
naval operetions is of utmost importance. 

The likellhoed of limited warfare is becoming greater. The theaters of lim- 
ited warfare wil! propavly be iocated In regions where the density of electronic 
transmissions is nermally low. Because of the lew traffic density In those 
regions, the problen of Interception yould be greatly eased. It ja highly likely 
that Increased electronic traffic wou'd mean increased enemy troop concen- 
tration, It can be expected that the study of electronic and communication 
Intelligence would play as important a part in enemy capabilities and in pul’- 
ing our reaction during a United warfare ground battle as it would in de- 
termining the optimum use of electronic countermeasures in a possible strate- 
gic alr operation. This will be particularly true ard important when build-up 
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of electronic weapons can be used to measure the heip that a highly technica! 
enemy Is giving to an underdeveloped country, 

The continuous Increase in the use of electronics for communications, 
navigation, and other military purposes in all countries of the world has 
brought about a corresponding increase in the size and importance of elec- 
tronic warfare. As a type of war, electronic warfare takes on many of the 
characteristics of conventional warfare with conventiona) weapons. Here, also, 
the offense and the defense have the upper hand at different times; and the 
knowiedge of the enemy’s capabilities Is cssentia) for planning our own reac- 
tions and strategies. Any general statement made today regarding the relative 
superiority of particular countermeasures, or of particular electrunic weapons 
against countermeasures, is likely to be proved wrong a few months after it 
is made. The result of @ particular test of a particular countermeasure 
against a particular sct of weapons can never be considered as over-all 
absolute proof of relative importance or usefulness, nor can it be extrapolated 
to futurs conditions without severe limitations. 


} 


4.5 Electronic Mape 

A map of the electromagnetic signals thut can be heard today by an 
aircraft flying over the United States would include a wide variety of 
transmitting sources. One could find landing ads, airport raders, television 
stations, radio broadcast stations, Air Force, Army, and Navy radars and 
comm::nications, commercial radars, alrborne radars, and navigtion aids of 
all kinds. By and large the ¢.nsity of its electronic signals is a measure of 
the technical development, the population, and the industrializations of an 
aren, In general, the samo type of atatement can be applied to a battlefield 
area. This continuousty increasing use of electronics has Increased the 
usefulness of electronic reconnaissance and Intelligence to all types of 
warfare, 30 has it increased the difficulties of anaiysile. 

There are some not-so-chvious uses of data obtainable from electronics 
reconnaissance. The analysis of an enemy's deployment of electronic devices 
can often be used to give a direct measure of his prod ‘tion capability. 
Ry means of the observation of the time Interval betwee. he appearance 
of the first of a new type of equipment and the appearance of a series of 
such units, it is possible to estimate his ability to muster {Industrial pro- 
duction, If, by ferret reconnaissance or by other meana, it Is possible to 
obtain information of a particular technical development in its early stages, 
the time Interval between the early development stage and the installation of 
the firat operational equipment gives invaluable information regarding the 
lead time that the enemy requires to develop and make operational use of 
equipment, 
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tn analyzing different complexes--mieslic ranging sites, atomic plants-~ 
the use of electronics reconnaissance has become of greater and greater 
importance. The observation of our own missile ranges has disclosed a close 
correlation between signa] traffic and missile launchings; the analysis of 
these algnals, thelr types, and thelr schedules conveys to a skilled analyst 
important information regzrding missile operations (Figure 4-1). Isfor- 
mation regarding missile capabilities can be effectively obtained by radar 
observation of missile trajectories, capecialiy when correlated with the 
interception of telemetered signals, In the aggregate it can be stated that 
the continuous increase In development of electronic facilities has multipiied 
the importance of their interception and has increased by very large fectors 
the emount of Information which can be drawn from it. Electronics and 
communications reconnalssance may contribute as much or more useful 
data than photcgraphic reconnaissance of the same area. Actually the prob- 
lem cf photographic reconnaissance can be greatly eased by the use of 
electronic devices: the careful photointerpretatlon of large areas of land is 
not easy unless data as to where the observer should concentrate his atten- 
tlon are available. Eiectronic emitters are, by their very nature, almost 
impossible to camouflage and for thia reason their locations are often 
indicative of the presence of targets of importance for photographic recon- 
naissance. It Is conceded that targets exist that do not emit or refisct 
electromagnetic signals; therefore, this mutual support between se::sors {s 
not of univeisal use. Experience and analysis Indicate, however, that there 
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are a number of cases where reconnaissance can be increased in effectiveness 
by combinations of ail types of electronic radar and photographic sensors. 


4.6 Operetional Exploitation of Rader Weaknesses by Means of 
Electronics Reconnalssance 

Aa stated in the previous section, one of the futidamenta! properties of 
electronic signals is that they cannot always be camouflaged, and a weak- 
ness of radars is that thelr signals must be on the asic in order for them to 
be effective. An alert enemy with good means of reconnaissance can effec- 
tively empioy this weakness to hie advantage. The best way of axplaining 
how this can be done !s to take ae an example an Early Warning System. 
This system might use very powerful radars that can be {intercepted at a 
long distance. If they were turned off for maintenance of malfunction, the 
enemy could easily be alerted by his reconnaissance and choose that time as 
the best one to launch an attack. Furthermore, the enemy could from time 
to time jue the syatera by using jamming or decoying to determine ovr 
reactions to such signals. He could, for instance, determine the range over 
which we «on tune a transmitter in a given time. This information would be 
invaluable to an enemy planning attacks against our defenses. In a similar 
way, naval task forces and aircraft filghts could determine the alertness and 
operational procedurea employe by an enemy (to protect his shore lines. 
Continucus but Intermittent jamming or deception operations by an alert 
enemy might be effective as a countermeasure of Early Warning Systems 
if, by forcing the defenses to ‘cry wolf” enough times, they can reduce the 
national confidence in such a weapon. 


4.4 Communications Intercept and Trafic Analysis 

It is well known from. newspaper reporta ard historical records that the 
interception of enemy communications has been of vital imporiance many 
times {n determining the outcome of a battle or of a war. It is not the pur- 
pose of this chapter to discuss the methode, the procedures, or the cailection 
devices used to intercept communications; nor {a the Intent of this chapter 
to discuss the deciphering of enemy messages. Some aspects of communica- 
ilon reconnaissance are, however, closely enough related to electronics 
reconnaissance to warrant separate consideration ir this chapter. 

The value of traffic analysis can be demczstrated best by assuming that 
the coding methods used by a hypothetical enemy are suck that decoding Is 
impoasible, Despite tae impossibility of decoding inessages, communics- 
tions Intercepts are very Important. Many parts of the message other than 
the content convey information. The type of transmission; addressees; the 
number of messages; signatures; length of the messages; the types of trans- 
mitters employed, thelr powers, ranges, types of modulations, the type of 
code, its apperent complication ana sophistication—al! these are cha*ac- 
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eristica that can permit sorting snd classification In a way similar to that 
employed in the analysis of conventional ELINT. The relative frequency 
af multiple-address measages to 2 group of users will establish thelr common 
interest. Then, later-acquired knowledge about one of the group might 
indicate the interests und missions of the others in the group. A sudden 
increase of traffic between a logistic and an operating unit may give ad- 
vanced warning of an important operation. To avolu warning the Germans 
of the impending invasion of Normandy during World War iI, many dummy 
messages were sent starting several months ehead of D-Day to establish a 
traffic level identical to that required just before and on D-Day. 


4.8 Alarms and Analycis 

One of the fundamental purposes of reconnaissance is, of courte, to 
recognize tiie existence of unexpected, new, or particularly important signals 
in a large mass of traffic. It is important to understand that electronics 
reconnaissance has two separate and distinct missions. The first is that of 
determining that a particular signal dues not belong to any known class. 
The second is that of analyzing the character of signals to determine in 
detali ali thelr characteristics. 

The distinction between merely discovering the existence of signals and 
analyzing them is en important one. It {s important In the operation of 
ELINT programs, and it ls important in the designing of equipment aimed 
at the detection of ELINT. It is much easier to make end ceaign a number 
of devices capable of sierting an operetor whan something elther expected 
or unexpected occurs then It is to mske devices capable of making anaslyses 
of all kinds of signals. However, if the distinction between detection and 
analysis is kept in mind, it is possible not only to process large amcunts of 
electronic traffic, but alac to design devices that select out of this trafic the 
very small percentage that is unfamiliar or for other reason deseving of 
special notice. An alarm may then be sounded, a strike reconnaissance mis- 
sion initiated, a missile or decoy launched, or Anally—most Important—- 
from the intelligence point of view a number cf analvals devices may be 
turned on with or without recording capabilities. 

It is only by this analytical means that effective use can be made of 
wideband recording, or o: human observation of oscilloscope patterns. In 
the presence of the large number of electronic emitters with which 4 civil- 
ized country deais todsy, and which an aircraft or a grcund-based station 
is likely ts encounter in a theater of operations, analytical procedures are 
necessary if electroatcs reconnaissance is to be effective. Present inieiligence 
estimates lead us to expect the Intercept cf at least 4000 !mportant signals 
every second by aircraft flying over a heavily defended area at 50,000 {cei 
(Figures 4-2a and b). 
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4.9 Conclusion 

Electronics reconnaissance and its operational eniployment are increasing 
in importance because of the continuous Increase in the number of radaza 
and other electronic emitters. and because of the increasing sophistication of 
these weapons. The function of clectronics recennalssunce devices has been 
extended from that of simple aircraft detection to the detection of werilke 
intentions on the parts of potential enemies, to battlefieid surveillance, to 
the determination of enemy missile launchings, and to the atudy of enemy 
production and industrial capabilities, political moves, and covert cata 
collection. 
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Signal Environment Study 


A, E. HALTEMAN 


§.1 Intruduction 

Operational environment plays a large role in the design of intercept 
equipment for the detection. location, and recognition of a signal associated 
with a particular plece of radiating electronic equipment. The environment 
of primary concern !s that often referred to es the electronic or signa! en- 
vironment. When a radar, a guided missile, a bomb fuze, or an electronic 
countermeasure system must operate In an area {2 which there are many 
electromagnetic radiators {t is necessary to know the nature and amount of 
the interference that may be present in order to design equipment that will 
function properly. A variety of atudles alm at describing or measuring {fn 
scrne manner the expected pulses or sequences of pulscs from the environ- 
ment which could actually cause malfuncticn of the receiver or its associated 
equipment. The material in Section 5.2 describes briefly three such studies 
and compares some resulting estimates of the signal density. 

In Section 5.3 a procedure for obtaining tactical electronic intelligence 
(ELINT) information from a complex signal environment is described. The 
device recommended for use is a simple pulse counter. 


§.1.1 A Brief Summary of Recent Work 

The firat real awareness of an interference problem occurred during World 
War IT. A natural outgrowth was a military request for the detailed descrip- 
tion of what was called the “Radar Order of Battle” for two opposing field 
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armies. These studies wece dons with tie cooperation of consulting field army 
personnel and took the form of detailed charts listing all radiating equipment 
aseociated with a field ariny and geographic mapa showlng typical deploy- 
ments of the tactical units with their associated radiating equipment. As 
new equipment was developed and different army organizetions were planned 
a projected radar orcr of battle for the 1960-1965 period was obtained. A 
Rand report (Reference 1) was one of the first cf these. 

The most complete list of radiating equipment associated with the U.S. 
field army and the opposing enemy field army now availabie is Volume Ii 
of the Fira! Report, Project Monmeuth I (Reference 2). The geographic 
deployment of the electronic squipment is that which would be expected in 
the strategic European area In Germany. The {motied large number of signals 
that would be preseni and recommendations for reducing the possible inter- 
ference ate presented for both the communicetion and the radar frequency 
bands. 

Project Monmouth I and other studies point out clearly the possibility of 
unintentional interference that may continue to occur lm the future and !t 
describes ahe variety of signals which may need to be analysed by intercept 
equipment. These studies fail to answer the question often asked by the 
design engincer: how many signals having similar parameters will the svaterm 
be required tc handle simultaneously? More recen: efforts may de able to 
offer an answer to this question. 

Myers and Van Every (Reference 3) developed a method ior predicting 
the signal density to be expected to arise from a given diztribution of radars. 
Signal density is defined as the total number of pulses received above the 
receiver's sensitivity level. The main body of the report ts devoted to pre- 
dictions of the signal density to be expected in L-, S-, and X-bands during 
an active wartime situation in Europe in the 1969 period. 

Tn a report done 2: Melpar, inc. (Reference 4), an attempt has been 
made to preseat the electromagnetic environment within which tactical coun- 
termeasures must operate. The alm 2f the report is to establish realistic 
teckaica! and operational requirements for such counterméasures. 

The approach involved setting up a geographical model of a typical army 
area and surroundings with a “realictic’ defense deployment of men and 
field equipment. A list of all devices whose radiation contributes appreciably 
to the clectromagnetic envizonment along with the nature and volume of 
traffic handled by these devices during a typical battle was compiled. Using 
a digital computer a determinaticn of the signal complex as seen by one or 
more intercept ataticns strategically located within the field army area was 
made. The computer was programmed to include certain effects from sky 
waves, from terrain reflections and from other pronagation phenomena. An 
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experimental program held in Arizona offered some empirical inputs to the 
over-all program. This is a very comprehensive study but unfortunately is 
time and location limited. It should however be very useful in the design of 
equipment for use In the immediate future. 


5.2 A Description of the Three Signal Density Studies Done at the 
Sylvania Electronic Defense Laboratory 

Signal environment studies at Sylvania were instituted with the primary 
aim of obtaining a method for estimating the aumber of signals a receivsr- 
analyzer system will be expected to handle simultaneously. Such information 
ls easential for the design and development of such equipment. In addition 
the effect of the various receiver and envircamental parameters on this 
aumber Is of interest. 


§.2.1 A Mente Carle Technique for Determining ‘he Signal 
Densliy ir s Tactical Situation *° 

The engineer designing intercept systems (composed of an antenna, & 
recelver and a pulse analyzer) has at his command some system parameters 
which if judiciously chosen wiil reduce the number of signals the analyser 
must handle. Those chosen as most important for this study are: antenne 
beamwidth (assuming a cosecant square antenna pattern), autenna gain, 
recelver sensitivity and recelver bandwidth. These parameters limit the signe: 
density which here is taken tc mean the number of independent signals thz? 
appear et the Input terminais of the signal analysis equipmert in a specified 
interval of time. Signal environment for this study {is defined as the total 
ensemble of signals in the electromagnetic spectrum that the Intercept equlp- 
ment is cepeble of recefving. 


Assumptions and Methods Used to Build the Monte Carlo Model. To 
determine the signal density of the output of a receiver the signa) environ- 
ment described by Hiebert of Rand Corporation in R-280 was used. The 
study was limited to the 373 various types of S-band equipment tac- 
tically deployed siong o ihecrwiical baitie {front chosen as the east-west 
Germe1 boundary between Witszenbauser at the north and Coburg at the 
south. Opposing the U. 8. field army is 2 USSR field army with catimates 
of the kinds and locations of thelr slectronic equipment. W'thin these oppoz- 
ing armies exact location of the yarious radiators had been pinpointed. 

In the U. S. Army ail equipment with tunavle magnetrons wes arbi- 
trarily assigned permissible subbands in which to operate. For a particular 
radiator, the subband in which it would operate was determined by random 


*See Reference 5. 
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selectiou.. In the case of fixed magnetron equipment it was assumed that 
nomial dimensions of the cavity are specified on the basis of a design ire- 
quency centered (n the band of the magnetron. A gaussian distribution was 
assumed to ‘pscribe the exact operating frequencies of a given magnetron 
type. The operating frequency fer a particular radiator was then selects4 
from the distribution. 

For the opposing forces all S-band equipment types were assumed to be a 
Soviet eyuivelent of the AN/MPQ-10, The method described sbove was 
used to assign frequencies except for slight modificaticns needed to account 
for the tighter tolerances common in Russian manu: °': ing. 

A gawesian curve was fitted tc the half-power beamwidth of u.. antennas 
to the isotropic level. Isotropic level was assumed outside the m * beam 
wince the primary object was to dete.mine the probable tranamitter au. ‘na 
gain in the direction of the Intercept site. For tracking radars this patter:, 
was assumed In bota elevation and asimuth. However thia had no effect on 
the signal denalty since such radars are more likely to be pointed upward. 
The pointing direction of the ~srious search radars relative to the ‘ntetcept 
site was made by assigning an equal probability to each direction avd sampl- 
ing randomly from the uniform distribution. 

The intercept site was selected at a point 30 kilometers behind the main 
line cf resistance rear the center of the army area and on rezaonably high 
ground served by « road. 

Assuming the transmitter antennas and receiver antenna each at a heigh* 
o! 18 feet above the ground, tranamission losses were computed using the 
radio range equation for line-of-sight tranamission and 2 modification of it 
for transmission bayond the radio horizon. The contributions to the signal 
environment at the intercept site for any given radiator were obtained and 
plotted on a graph showing frequency versus free space power at iixed 
azimuth. 

An Intercept receiver can te thought of as a narrow-pass filter whose 
input, is this case, is the signal environment and whose output fs the signal 
density. Such a filter is dependent on the receiver antenna pattern, sensi- 
tivity, and bandwidth. By choosing reasonable values of these parameters 
it was possible to make a cutaway template on the same scale as that used 
on the recelver input charta. Placing it on the frequency versus free space 
power chart an antenna scanning in frequency waa simulated. The signal 
density was obtalned by counting the number of polnts that appear in the 
antenna pattern template at each frequency of Interest and in azimuth 
increments of 4 degrees over a 90 degree sector. (See Figure 5-1.) Figure 
5-2 is a sample chart of the resulting signal densities. 

The signal density figures '‘n Figure 5-2 show the number of aiXerent 
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ttudy. Since no enemy equipment appear: 
in these frequencies in the Rand Model aii 
the signals caceived are friexdly syuip- 


the apr-cach ja reasnable and the reaults 
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5.2.2 A Deterministic Model for Eetima=, Signal Deneity* 

The present signal interference problems in the crowded communication 
bands and the rapid advance of tube iechnology have set in motion a trend 
toward controlled use of the suiitary frequency bands. Thus a reasonable 
assumption from which ‘vu start a signal density study is that the probabllity 
of finding a tran:caitter of a given type ir any square meter of the relevent 
part of the earth's surface is the same as in any other square meter. This 
ass;.nption, though not completely realistic, has the advantage of no longer 


*See Reference 6. 
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requiring the precise typ*-—ccation, and frequency of each of a long list of 
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tbampaaitteen. Also avoids s series of rather tedious computations which 
account “—<ne effect of each transmitter on the signal environment at the 
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Assumptions and Mathematical Model Used. The power ~, delivecai to 
input terminals of a receiver which 1, at distance r from 2 iransmitter of 
power P, on a direct line of sight is given by 


fe >: MG GP /16etr* (5-1) 


where A \s ths wivelengtb co: the signals, G, the gain of the receiving antenna 
esa G, the gain of che transmitting antenna. If we set 9, equal to P,, the 
threshold scasitivity of the recelver, we may aolve Eq. (5-1) for the maxli- 
mum range of the receiver within the ling of sight, obtaining 


¢ = (\/4e) (GG,P,/P,)* (5-2) 


Because tne gain G, {sn a function of the azimuth angie ¢ for a siven receiving 
antenna orientation the range /s also a function of ¢. The area under the curve 
r(¢), plotted in polar coordinates, cefines the region within which all trans- 
mitters of effective power G,P, are picked up at the recelver. The area en- 
closed by this curve fh 


Ay = (AG,P)/32n*)P, i * 4 de (5-3) 


Let m, be the number of transmitters of effectl.« power G,P; per unit area 
whose carrier frequencies fall within 2 band of width J. If 5(6 & B) ts the 
bandwidth of the receiver the expected density of those transmitters whose 
carrier frequency falls within the pussbend of the receiver is d”,/B and the 
expocted number of such transmitters within area A, is 6%,4,/B. Summing 
over all types of transmitters we find the expected signal density is 


= Ay 7 r*3d Ji ie = 
ta) pe te), See AEN 
i 


where s = 31,G,P, is the total effective radiated power per unit area. 
$ 
If we take Into account the spectral apread of the transmitted signals and 
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the selectivity characteristic of the recelver by assuming both are gaussian 
(that is, the transmitted signals are pulses of gauasian envelope, 7 seconds 
long, 1.086 decibels down, and that the receiver passband is 5 cycles per 
second wide, 1.086 decibels sp ‘rom the minimum threshold P,), the expected 
signal density becomes 


r*2b 


N= =e [, Goa (5-5) 
= Vatseibte ti) so "9 : 


adn Extension to Tronsmission Bevond the Horison. When the range of the 
recelver is likely to be limited by signal attenuation due to tropospheric scat: 
tering the expected number of signals is given by 


v= Vvi(5-)" (1+ sapere) (HY 
xf [G.(¢)] ne ‘ +d mn, (GiP,) ** 


ive - 14+ aime) ( oes Ua )" 


ie 
x . (G-(4)] 4 5% + F-Y¥m (GP) (5-6) 
$ 


In both cases the actual number of e!gnals will have a Poisson distribution 
with parameter NV, 

If it Is not known in advance whether the furthest transmitter that can be 
picked up is beyond the horizon, both Eq (5-5) and (5-6) may be computed. 
The smaller of the two results should then be used since it corresponds to 
the range-limiting phenomenon that vets in first. 


§.2.8 A Stockaetic Process Model of the Signal Environment at 
the Output® of an Intercept Receiver 

If the output of an intercept receiver as it sweeps In azimuth and searches 

in frequency is presented on e panoramic display, signals will sppear to 


*See Referencs 7, 
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come and go. For a tactical situation where a wide variety of radiating 
equipment !s in use it is reasonable to assume that the arrival and departures 
of signals may be described by a sandom process. Proceeding from this 
assumption a technique for relating parameters of interest in the design of 
pulsed signal-analyzing equipment to the expected number of signals ar- 
riving In some instant at the output of the intercept recelver is developed. 

The point of view taken in this section is different from that in the previous 
sections, Signal environment now is considered to be a fuaction of the re- 
celver parameters as well ac the geograpb'c distribution of the transmitters. 
Those signals that could be distinguishable above « given nolse level at the 
output of the Intercept receiver ave the only ones included. The signal den- 
sity at some !nstant is the number of signals that arrive at the output of the 
receiver during zome given short period of time--a period that is long with 
respect to the amallest pulse repetition period but short with respect to the 
aweep time in azimuth and frequency. 


Definition of the Categories. In order te describe the signal environment 
we define four categories of signals in terma of their arrival characteristic: 
at <he output of the receiver. If we consider a signal whose power density at 
the receiver input is such that it is detected only when either the transmitter 
antenns points at the receiver or the receiver antenna points at the trans- 
mitter as two independent signals the foliowing categories are mutually ex- 
clusive: 


Category 1: Signals that are received continuously at some fixed fre- 
quency regardless of the orlentation of the recelver or the 
tranrmitter .ntenna. 

Category 2: Signals that are received at a fixed frequency when and 
only when the line joining the receiver and tranamitter {s 
contained in the beamwidth of the receiving antenna. 

Category 3: Signals that are received at a fixed frequency when and only 
when the line joining the receiver and transmitter is con- 
tained in the beamwidth of the tranemitting antenna. 

Category 4: Signals that are received when and only when both the 
entenna beamwidth of the recelver and the antenna beam- 
width of the transmitter contain the linc joining the trans- 
mitter and recolver. 


The signal denaity #. the output of the receiver is described by wilting 
the probabillty density function for each of the cetegories in terme of these 
system parameters: receiver bandwidth, antenna beamwidth, aximuth sector 
scanned by the receiver antenna, frcquency cegion gearched by the receiver, 
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transmitter antenna beamwidth, and the number of transmitters in the 
) region. The number of signals available in each category js assumed to be 
given by a map of the geographic distribution of transmitter locations. 

The Signal Density Aodel. Sa the assumption that the signais arriving 
at the output of the receiver, regardless of category, are uniformly and ii:- 
dependently distrinuted over the frequency spectrum and azimuth sector of 
Interest, probability density functions were obtained for each category. If 
we let X; = the random variable ranging over the number of signals from 
the sth category recelved in a given instant, (/ == 1, 2, 3, 4), the number of 
signals at the output of the intercept receiver ia described by the Polsson 


density function 
‘ Rak 
PIX + Xt Xt X=at = “Se 


The expected number of signals received at any Instant is 


aa OS 


where VY, -— number cf signals in category ¢ (4 = 1, 2, 3, 4) for @ given 
geographic distribution of transmitters, 
a — receiver antenna beamwidth, 
A -—-— azimuth sector swept by the receiver antenng, 
(=) , oo an average probability and an estimate of the probability 


that a particular transmitter anfeniia beam of category } 
(j == 3, 4) contains the Ine jolning the transmitter and 


receiver, 
a -— apperent receiver bandwidth and 
D — frequency spectrum searched by the receiver. 


It is recognized thet many of the approximations used in developing this 
mode! assume ideal system parameters and field situations. No attempt hat 
been made to Include signals from spurious responses in the receiver or to 
modify the 4, by ualng probability density loss functions that describe the 
on and off times for the transmitter. It is hoped that this model sheds some 
light on how tha system parameters used here affect the signal density. Per- 
haps data from future feld teats can suggest modifications to this model that 
will make it more realistic. 

To apply these techniques to the Rand Corporation maps published In 
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Rand-280, assume that we are using e receiver with sensitivity 88 decibels 
below a mililwstt, a gain G, in the main beam of 30 decihels iu a 5-degree 
beamwidth, an average gain on the back and side lobe: ci > decizels, and an 
effective bandwidth of 10 megacyciea per second. ‘These enable one to estl- 
mate the V;. Also assume we ate searching e frequeacy band of D = 2000 
megacycies per second, essentially the S-band, and an azimuth sector of A = 
90 degree in which the typical transmitters hove an average gain on the 
back and aide lobez of G, = —10 decibels and a gain In the main beam that 
is greater than the gain in the main beams of the recolver. These assumptions 
and the assumption that al! transmitters are turned on, lead to the conclusion 
that 95 percent of the time one would expect no more than two signals at the 
output of the receiver at any given time. 

Preliminary studies almed at comparing the results of the Monte Carlo 
model and the stochastic process mode! suggest that perhaps the Wionte 
Cerio metkod counts the signals from one transmitter too often. In the other 
approach the basic assumption cf a uniformly 1.ndom distribution of trans- 
mitters is actually viciated and thus its re ui’ gives too low an estimate of 
the signa: density in some regions. 


5.8 An Application of Pulse Counting to Obiein iactioe! Biectronic 
Totelligence Information 
This section considers a brighter side to the signal envircament problem. 
The complex signa! environment in a field army aroa can be used to supply 
useful intelligence information. The device used to gather this information !s 
a slmpl. pulse counter rather than a complex radar ‘‘Aingerprinting” device. 


£.8.1 System Philosophy 

The system decided upon as meeting the requirements for a tactical ELINT 
sensing device may be summarized as follows: Three low-sensitivity receivers 
are instailed in a drone along with pulse counting end recording devices. The 
drone is then flown on a preassigned path which, based upon receiver sensi- 
tivity, will cover the entire front line and part of the communication gone of 
the eramy army. The system “counts” the number of pulses recelved end 
records tne results as a function of time. This information !s recovered after 
the drone lands, or by broadcast to a receiving site in friendly territory where 
the dersity is read out ana plotted on maps of the tactical area. The contours 
resulting may then be used in intelligence Inference. 

Basic to the philosophy !s the assumption that the enemy will defend his 
most important formations mest heavily. 


5.8.2 System Characteristics 
Any number of drones exist capable of carrying cut the payload necessary 


a a a 
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to accomplish the misalor. The drone used for the example discussed here is 
the RB-77, now under develcpment. The drone should fly as low as possible, 
consistent with its safety. A low-flying aircraft is difficult to track and 
prevents the use of atomic warheads {n surface-to-air miselles. From a data 
gathering standpoint, it prevents several antiaircraft syatems from simultan- 
eously tracking the drone end thus disturbing the pulse counting. 

Within the drone the receiving and recording system should cover the 
frequency segion of tae major enemy radiating equipments. A possible con- 





Foours §-3 Block Diagram of Miec‘ronic Zquipment 


figuration of rece!ving and recording equipment is shown ia Figura 5-3. The 
autopilot commands should be recorded in crder to know the track of the 
drone. The altimeter reading should be recorded to help reco!ve ambiguities 
and to determine effects of terrain on the data whenever tis {4 necessary. 

Continuo rebroadcast of data may compromise the system and simplify 
passive tracking by the enemy. To prevent large scale spoofing the purpose 
of the drore flights should be carefully guarded. To insure a high probability 
of survival of the drone, enemy trecking should not be facilitated. Therefore, 
the system should record the data gathered anc either rebroadcast It in oc- 
casional short spurts or store it for enalysis after the drone lands. 


£.8.3 Recults of a War Game Tesi ci ihs Philosophy 

In order to test the feasibility of tue scheme suggested, a war gaming 
technique or sampiing experiment is needed. Since « Haller, Raymond and 
Brown (HRB-Singer) report (Reference &) was readliy availiable, it was 
decided to use the development given therein to test the model. Certain 
assumpticas were made which are given helow: 
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Antenna Assumption: The actual form of the Whiff, Firecan and Crozs- 
fork antennas probably appears somewhat aa in Figure 5-42. The aasumed 
antenna pattern for use in the game is shown in Figure 5-4b; that is, we 





assume en isotropic pattem except for the main lohe of each antenna. This 
is a common assumption in prai:minary studies of this type. 

Sensitivity Assumption: It was very easy to obtain a sensitivity in ali 
three recelvers to give a “““r-mile range against the various enemy equilp- 
ment, when the receive’ 8 in the fine etructure of back and side lobes 
(asuumec isotropic) of . x equipments. Thus, it was assumed that the 
sensitivity of each receiver was set at a level such that a signal waa recog- 
nised, whenever the drone was within four miles of the transmitter source 
regardless of the transmitting anteona’s orientation. Of course, a signsl 
would be recognized and counted whenever the drone was within the major 
iobe of the source equipment antenna at mich greater distances. 

The actual data gathering was carried out In & manner cescrided in this 
section. 

First, the HRB-Singer report was used to provide a tactical model of the 
field army engaged in battle over several days. Searches with the drone 
cccurred at 2200 on 16 June, 1700 on 17 June, and 1200 on 17 June. These 
times were selected arbitrarily since they were the first three maps in the 
HRB-Singer report. It would probably be desirable to search more frequently 
in an actua! battle to keep closer contact with enemy movements. Data re- 
flected the existence of Crossfork, Whiff, and Firecan, 

Figure $-§ which shows the S-band density found at 2200 on 16 june, will 
be used in the discussion. The other five contour overlays are net shown. 

A flight path was selected based upon drone characteristica (in this case 
the RB-77) and receiver sensitivity, The flight path for the 2200 flight Is 
shown as a dasbed Hne. The marka are miles flown. 

Next a circle of four-mile radius was moved with its center constrained 
to He on the flight path ne. The number of radara In the cizcle were counted. 
The count represented the density of radar signals received at the drone 
which was c:mulated to be at the certer of the circle. The ecuipment would 
actually record the number of pulses per second or pulse rate. Using ils data, 
A contour nmap wes drawn us shown. The Information waa then {n suitable 
form for use by an Inteliigence officer. Although net ahown, the same pro- 
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Frouaz 5-5 Signal Density Contour Map 


cedure was done at each of the times mentioned above and in the UHF and 
S bands. This was done to see how the concentrations changed. 

Irn, making these contour maps, actual pulse count information is know.. 
along the flight path oniy. A reasonable uniformity of the underlying dis- 
tribution of pulee counts ia then assumed so that the contours may be added 
by interpolating between points from two parallel filght paths, If there Is 
some reason to doubt the validity of such an assumption on any particular 
mission, nn additional flight can be used to give more detalled information. 


§.3.4 Random Elements 

in the field application of this technique, many random errors will be in- 
troduced. The most troublesome may be the filght path errors. Since tke 
drone !s not tracked and no attempt is made to correct during flight for the 
effects of alr turbulence there may be sizeable deviation fro.n the assigned 
path. { meteorological data indicate ateady winds, the magnitude of these 
errors may bo reduced by accountings for the predicted wind in the autoplict 
program for each leg uf the filght path. A rough fix on the magnitude of the 
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residual error can be obtained from a comparison at flight termination of 
the programmed landing area and the ectual launching area. In genersi when 
the sir is turbulent, flights should be short to keep errors within tolerable 
limits, 

Other types of errors such as counting errors due to tracking of the drone 
by enemy radar from time to time, reflections from prominent te-vain features 
or just propagation anomalies should not have great effect or che inferences 
drawn from the contour map. The major conclusions ave based on relative 
magnitudes of the pulse counts rather than the absolute count. If doubt 
exists about certain regions on ihe map, additional fights may be used. 

For each of the above errors, attempts could be made to design remedies 
into the equipment. We foel, however, that such an apprvuach is not compatible 
with the constraints mentioned in the beginning. Intelligent adjustments of 
operating procedures can readily handle most situations which may arise. In 
using this sampling technique as the experience of the operator ‘ncreages, 
the information gathered becomes more complete and more reliable. Train- 
ing and experience with these simple techniques will contribute much more 
than complexity added in an attempt to anticipate every problem. 


§.8.5 Intelligence Information 

Based on Information gained from the contour mape {it was possible to 
make many inferences regarding the enemy's activities. As with any ixtel.i- 
gence effort, skili develops with extensive use. Hence, the equipment sug- 
gested would yield far more information az the usera become more skilled 
in interpreting the concentrations and changes. However, evez without ex- 
perience, !t has been possible io infer information cf the following iyvne: 

(a) Where the enemy would attemp: the crossing was clear from the 
first map shown In Figure $-5. If information on how rapidly this 
Dulid-up was occurring was available in form of similar contour for 
1200, 1600, and 1800, the same dey, it would have been possible, 
based on experience with previous aitacks to infer quite closely the 
time the attack would occur. Even the 2200 map Indicates the time 
is close at hand and doctrine implies the attack is probably scheduled 
for early the next moriuing. 

(b) Major supply areas, depots and railheads appear 1s more permanent 
defenses. Even secondary rallheads appear. 

(c) Concentrations of troops of secondary size show up. This would indi- 
cate a feint or leaser magnituds attack from that dir. ction. 

(d) In each of the above cases, em indication cf the size of the etomic 
weapon needed to disrupt the enemy plang was Indicated. Also, the 
inagnitude of the alr deiense ‘ndicates the use of alreraft artiliery 
or bailistic missile as a uelivery means. 
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(ec) Any shift in alr defense can be detected when the enemy in moving 
supply depots forward to new locations. This in turn indicates the 
time for interdiction fire, 

Analysis by experienced personnel and more frequent flights would un- 

doubtedly increase the number and types of conciusions which could de 
drawn from these surveys. 


5.4 Conclusion 

Most cf the effort in signal environment study has been directed toward 
describing the environment in a tactical sltuxtion. From the resulting model 
one attempts to deduce the type of interference problem: that may arise or to 
simply describe the signal density at s receiver output located in the environ- 
ment, The models obtained to date are by enlarge too simple or tvo rigid to 
lend themselves to the veriety of problems that involve such information. The 
variety of results obtained at many different laboratories throughout this 
country constitutes a good start on the genera] problem. There is a continuing 
need for more effort to be expended. 

An exainple of an srea where effort is just beginning arises in evaluation 
ef several operational ELINT systems. The signal environments at thelr 
operational sites need io be adequately described. A flexible, rapid and 
reasonably detailed method fcr analysing these environments /s not available 
from the work done on tacticel situations. Digital computer simulation 
methods for application to different phases of the over-all problem are being 
formulated st several laboratories. Many simplifying decisions must be made 
to bring this complex problem Into a tractable form for the IBM704. Docs 
oversimplification offer the most meaningful reaults? How can the program be 
set up to allow additions) rofinements as the Informeticn becomes available? 
Perhaps a grcup of semi-independent subroutines which can be modified 
wits a minimum of effort and whcse results can be readily combined into an 
over-el! meaningiul description of the environment will be developed. 

Many powerful mathematical and atetistical tools have been developed in 
very recent years. As these reach the applied efforts new and different ap- 
proaches to the problem will appear. Better techaiques for more precise 
ceacriptions of the environment and for dealgn and operation of electronic 
systems to make them more independent of the signal environment are badly 
DORIC. 
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Intercept Probability and 
Receiver Parametere 


A. B. MACREE, D. B. HARRIS 


6.1 Intreduction 

Electronic warfare may be analyzed as « game. Fuc every electronic device 
thet a potential opponent can employ there always exists a countermeasure 
which will reduce its effectiveness. The feasibility of applying electronic 
countermeasures, however, depends to a marked degree upon the state of our 
knowledge concerning the enemy’s electronic systems. Two classes of infortn- 
ation are important. The first of these is wha: might be termed strategic in- 
formation; It includes auch things as technical characteristics of the system 
to be countered, the mode of operation of the system, and the naiure of 
supplementary systems which can be employed by the enemy. This type of 
information is needed to make strategic decisions such as whether one should 
attempt to counter the system and what characteristics are required for the 
counterimeasures device. The second clase of Iniorimation Is tactical: Is the 
enemy using a certain electronic system? What frequency is he on? Has the 
enemy shifted his frequency as the result of our jamming signai? These are 
examples of questions which must be answered in the fleld if electronic coun- 
termeasures are to be successfully employed. 

One of the mos? importent sources of both strategic and tactical intelil- 
gence concerning a poiential enemy's operations is the interception and 
analysis of the signals radiated by his electronic systems. Clearly, before one 
can perform any sort of analvals of signals, the signals must ve received. The 
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important Initial problem in attempting to gather electronic intelligence Is, 
if an enemy system is operating and is genersting electromagnetic radiation, 
what is the probability of this radiation being detected and recognised? This 
may be defined as the probability of intercept for a given elcstromagnetic 
radiation. Ciearly this probability le a function of the parameters of both 
the signal and the receiver employed. The objective of this chapter is to 
investigate the problem of calculating or estimating this probability of In- 
tercept. Although several specific signals are considered for illustrative pur- 
poses, the emphasis is on general approaches to the problem and on general 
trends wich apply to a broad class of signals. 


6.1.2 Signal Detection 

In considering signals which an intercept syatem may enccunter !t {fs il- 
luminating to classify them according ‘o parameters such az: center fre- 
quency of radiated eignel, spectral width of signal, signa! duration, signa! 
waveform, signal strength, etc. If the form of e signal is known exactiy, a 
body of signal detectlon theory is evaliable to predict the best thst can be 
done in detecting its presence when masked by additive gaussisn noise (Re- 
ferences 1, 2, 3, 4). In such a case the probability of intercepting such & 
signal can be reduced to the probability cf detecting it in the presence of 
nolse. Thia probacility le a function of the probacullty of a false alarm which 
one Is willing te tolerate and the ratic cf the signal energy to the neise power 
: per unit bandwidth. oe problem 

is treated In Charter 7. The opti- 
mum fixed-observation-time recelver 
performance {s summarized by the 
recelver operating characteristics 
which are plotted in Figure 6-1. 
Pay(A) is the prosability that if a 
signa! is present !n the noise, it will 
be detected. Py(d) Is the prob- 
ability that if noise alone is present, 
it will be reported as a signal; this 
is a false alarra. The receiver op- 
ar erating characteristic (ROC curve) 
Fiuure 6-1 Receiver operating characteristic plots Pyy(A4) versus Py(A) with 
for «a signal known exactly. Inf{i(x)] ls a the detectability Index d as a para- 
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normal deviate, oxy ox4, (Mun ~ HX)" eter The detectability Index is 


= dty2, ouy and Man are the standard devi- he die : 
atlon and the meun, respectively, of fan(x); He Glverence between the means 


en and Mw arc the standard deviation end Of the probability density func- 
the mean, respectively, af /x(x). tions fay(x) and fy(x) divided by 
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the variance of {y(#). The curves of Figure 6-1 are for a signal having an 
exactly known waveform (only its presence is uncertain) and for this case 


d =: 2E/No 6-1) 


E \s the signal energy received during the observation interval and No ‘s the 
nolse power per unit bandwidth. For a fixed d the ROC curves are seen to 
be ctraight lines with unity slopes when ~\. ed on double probability paper 
(Figure 6-1), In this ideal recelver a signal is reported whenever the likell- 
hood ratio. 


b (s) == faw(%) /Jy(%) (6-2) 


exceeds some threshold level 8, where fey(x) and /y(x) ere the probability 
density functions for « given output x when signal plus nolse or nolse alone 
are present at the input. 


A 
Pay (A) = { fan (#) dx (6-3) 
“=e 
and 
A 
P(A) = | fyi) de . (6-4) 
“ee 


The curves of Figure 6-1 apply to any case !n which 
In (3(%)] =e Im [fow(2)] —- In [fy (2)] (6-5) 


is normally distributed with the same variance both with nolse alone and 
with signal plus noise, The curve labeled d == 0 corresponds to zero signal 
energy. In this cass, no matter what threshold level f is chosen, the prob- 
ability of a “detection” is the same as the probability of a false alarm. In 
other words, the presence of a signal of zero energy har no influence on the 
recelver performance; in this case, one may just as well throw the recziver 
awey and filp a colin. 

These curves for the case cf & signal which Is exactly specified are of 
particular impotcance in that they set en upper bound for any practical situ- 
ation where some additional uncertainty is bound to exist. The ROC curve 
is a convenient form In which to present data on a recelver; it can be used 
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to generate otker forms of the receiver's performence characteriatics. If one 
wishas to plot the probability of a correct detsction for a fixed false alarm 
rate as a function of eignal intensity one would take a vertical cut on Figure 
6-1 at the specified false alarm rate, Thus, if the signal is a 0.5 microsecond 
pulse of S watts peak powsr masked by gaussian noise beving a uniform 
power density of N watts per cycle per second cver a bandwidth of 1 mega- 
cycle per second, d == S/N;" and for a false elarm probability of CO! the 
probability of a currect detection varies as sketched in Figure 6-2 with 
22 /No in decibeis. For this rather low false alarm rate one sees that a signal- 
to-nolse ratio of 13 decibels is required to give a detection probability of 90 
percent on a single trial. If one had Instead ten pulses of the came peak power 
available this would raise the signal energy by a factor of £0 so that 
2H/No == 10(S/N). The signal to nolse power ratio necessary to give a 90 
percent probakility detectlon with the same false alarm probability would 
then be reduced to 3 decibels. 


6.1.2 Effects ox S:.. .»l Uncertalaty 
Figures 6-1 and 6-2 are both calculated on the assumption that everything 
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froure 6-2) ProLability of a correct detection of a algnal known exactly, veraua d. 


about the signal !s known including the vaiue of d for the slgnai. The only 
uncertainty is as to whether the signal occurs in the specified time tnterval 
or not. Whenever there is any additional uncertainty conceraing the signal, 


*2E =: 2S X ¢ joules and Wy = N/B watts per cycle per sccond, therefore 2E/No 
sc: d = (S/N) & 2Br = (S/N) & 2 & 108 %& (1/2) & :16°8 = S/N, 
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the ideal recelver performance is poorer than that predicted in these two 
figures. Considerable effort has been expended in studying cases where one’s 
| knowiedgs of the signal expected ja uncertain in some fashion. Peterton and 
| Birdsall consider the cases listed below (Reference 5). 


1. A signal Enown except for phaca, 

2. Asignal which iy a sample of white geusalan noise, 

3. The video output pulse of a broadbard receiver of known starting 
time, 

4. A signal which fs one of 44 orthogonal signz!s, all known exactly, 

5. A signal which is one of 4 orthogonal signals known except for 
phase. 

Case 3 is of considerable practical interest since it can be applied direcily 
to the case of a broadband Intercept receiver louking for a pulse signal of 
unknown center frequency. if the bandwidth of the wideband receiver is W 
cycle, per second, and if the signal duration is 24/W seconds, then for weak 
signals 





(1/94)*(2B/No) << (6-6) 


the receiver operating characteristics of Figure 6-1 apply (see Section 4.5 cf 
Reference 5) with 


d =: (1/4M) (2E/No)* (6-7) 


This represents a very considerable degradation of performance from: the 
case of a sisral known exactly. If, for example, one fs looking for a muse of 
0.5 microseconu duration but unknown center frequency Jn the srequency 
range from 2800 to 3200 megacycles per second, one has A¢ -=: 200. To ob- 
tain a detectability Index of 9 would require 


(28/No) == {800 X 9 = 84.7, 


which is 9.73 decibels below the performance possible if the signal were 
known exactiy, 

The broadband amplifier and detector followed dy an optimum video 
amplifier is not the best way to detect a signal of unknown center frequency. 
Case 4 listed above can be applied to estimate the optimum performance 
if the signal is known exactly except for its center frequency. The idea! 
receiver for this case is one which splits the frequency band into 37 channels. 
The output of each channel is cress-corrclated with one of the M exactly 
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specified waveforms. The correlator outputs are then combined with an 
exponential welghting which depends upon the known poise level. The exact 
evaluation of the performance of this receiver {s very difficult to obtain, but 
Peterson and Birdsall show that assuming that the logarithm of the dletribu- 
tion of the likelihood ratio !s normal, the performance is approximately that 
shown in Figure 6-1 (see Section 4.8 of Reference 5) with 


dm nf —otye (28/0) |, (6-8) 


The improvement possibie with this much more complicated receiver {s 
considerable, Using the same numbers considered for the broadband video 
example, one finds for a detectability index of 9 


(2B/No) = In 11 + M(ef — 1)} 
== In [1 + 200(e* — {)] == 14.3, (6-9) 


This Is only 2.01 decibels below the performance possible when the signal iz 
known exactly and |s 7.73 decibels better than the wideband amplifier fol- 
lowed by an optimum video emplifier.* 

Equation (6-8) gives the detectability index that can be achieved by an 
ideal receiver looking for one of M signals ull specified exactly. Case 5 
above treats the case of the M signals known exactly except for the carrier 
phase. For thia case the optimum receiver can achicve a detectabiiiiy Index 
of approximately 


= ~Jli, /ak\ 
d= In| 1 int yA) (6-10) 


where /y ja the beas.. function of zero order and purely Imaginary argument. 
For 2H; Ny greater than 4 


ly (2E/Ny) ~ a) (No/4eB} exp (2£/No) (6-124 


to an accuracy of better than 4 percent. Solving for the ratlo 2E/No necea- 
sary to achieve a given detectability index gives 


| s 2E | _— e. ‘ tk ! 4nit : ‘ 
1 (2EY| = tn [1 + ate Mae i yn (FF | (6-123 





In 





"Note this comparisen dova not Include any possible difference In the amplifier noiec 
factors for the two systems, 
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Considering again the conditions of M = 200 and d = 9, then from Eq, 
(6-12) the necessary ratio of signal energy to nolze power per unit band- 
width Is 16.6. This is only 0.66 decibels more than fs required if the phase 
were known and 2.67 decibels more than what is needed if the signal Is 
known exactly. 

In this section an attempt hes been made to give the reader seme feeling 
as to the optimum poasible performance In detecting an exactly specified 
signal, when that signal is masked by white gaussian nolse (Eq. 6-1 and 
Figure 6-1), Equations (6-9) and (6-12) give a measure cf the minimum deg- 
radation that is introduced Into the detection performance by the addition 
of « Nmited amount of uncertainty with regard to the signal, the sigrai 
being one of 4¢ orthogonal signals all known exactly or all known exactly 
except for the carrier phase. Finally Eq. (6-7) gives n measure of the much 
greater degradation in performance that will occur if this uncertainty ia met 
by the simplest means, Just broadbanding the receiver. This comparison is 
summarized In Figures 6-3 and 6-4 which plot the increase {n signal energy 


Sn | : 
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Fiounx 6-3 Comparison of Increase In signal energy necessary tc maintain a fixed 
detectability incex as signal uncertainty js introduced. M = numot of cithogona: 
signal. 


in decibels relative to the zero uncertainty case (cignal known exactly) us 
a function of the detectai:«itv index d; the number of orthogonal signals M, 
Is the parameter of these curves. Figure 6-3 compares the Ideal likelihocd 
receiver for the case of all M signais known exactly with the simple broad- 
band receiver employing a square-law detector and an optimum video filter. 
Grossly, the degradation In perforrnance ts very large when the degree of 
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Sachin ido ma ate 
Fiovar 6-4 Effect of signal uncertainty o: signal detectability, M orthogonal slgnais 


uncertainty is high end the simple, broadband receiver {s uscd. The use of 
an optimum likelihood ratio receiver can reduce this degradation very signifi- 
cantly perticularly if one ia interested in the larger values of ¢. Referring to 
Figure 6-1, one sees that this correapunds to being Interested In signals such 
that the false alarm probability can be kept low and the detection probabil- 
ity high. Figure 6-4 demonstrates that if one can use a lkellhood receiver 
the degradation In performance to be expected If the signal phase is not 
known in not very great (0.3 ~- 1.28 db for 10° 55 M SS 10°). 

These curves give a yneasure of the best one can hope to do in detecting 
the presence of a signal under practicable conditions. Normaliy one does not 
deal with orthogona! signals nor with signals specified exactly or exactly 
except for phase. The additional uncertainties present in a real situation can 
be expected to result in performance below that predicted in the figures. 
This lose in performance can be anticipated to be more significant for the 
likelihood receivers than In the case of the broadband receiver, since the 
latter make more use of one’s knowledge of the possible signals which may 
occur. 

Despite these weaknesses, the curves of Figures 6-3 and 6-4 have utility in 
estimating or judging recelver performance. As an example cne might con- 
sider the problem of detecting the presence of a pulse signal from a radar 
of known characteristics. The radar signal is known to have a duration of 
one microsecond, a repetition rate of :000 pulses per second, and to be in 
a frequency band 100 megscycles per second wide. Let us suppose we are 
interested in detecting the radar signal when it is looking at our receiving 
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antenna, but that the direction to the radar from the receiver fs unknown. To 
arrive at en estimate for the parameter M4 in this case one can assume that 
every rader pulse is to be detected. This means that one thousand times a 
second (at the end of every millisecond) the receiver must make the deci- 
sion; a pulse was or was not received during the past millisecond. Since the 
one microsecond pulse can be anywhere in each one thousand microsecond 
intervel, an estimate of this uncertainty in arrival time for the pulse is a 
factor of 1000. The spectrum occupied by a single pulse is about one mega- 
cycle per second wide, and it can lie anywhere in the band 100 megacycles 
per second wide. This frequency uncertainty combined with the time of 
arrival uncertainty gives 10° possible sienals. Figure 6-! shows that a detec- 
tability index d = 16 allows one to achieve an 8! percent detection prob- 
ability with a false alarm probability of 0.1 percent. If a broadband receiver 
is used, then, from Figure 6-3, 2Z/No must be 22 decibels above 16, or 
2560. Since 


E=amz SX $¢ (6-13) 


where S = peak pulse power 
tg = pulse length 


and 


where F =: recelver nolse factor 
Z = temperature seen by receiving antenna 
& =: Maxwell-Boltzmann constant = 1.37 * 10°® joule 


one can solve for the peak signal power necessary to give the detectability 
index: 


S == (FAT /2t,) (2B/N¢). (6-15) 


Assuming a nolse factor of 10 and a temperature of 300 degrees Keivin", 





1.3 10°23 5 a 
§ -- 10. X DS gt x 2.56 x 10? 


=: 52.6  10°!® wat:. 


It should be ncied that the assumed ialse alarin t-ccaablitty of 9.1 percent 


*A reasonable figure if antenna looks along the surface of the earth. 
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will lead to the rather high false alarm rate of 1 per second since 1000 decl- 
sions are made per second, If a false alarm rate of 1 per hour is desired the 
false alarm probability on each trial must be reduced to 2.78 « 10°7. To 
achieve a detection probability of 0.90 with this false alarm probability re 
quires an lucrease in the detectability Index from 16 to 41.3. If one eatimates 
from Figure 6-3 that at this velue of d the broadband receiver loss is 20 
decibels, the required peek signal power from Eq (6-15) becomes 84.8 x 
10°18 wati, 

A block diagram of the broadband receiver evaluated above is given in 
Figure 6-5(a). The output of the square-law detector is fed to a gated in- 

(A) tegrator. At the end of each miili- 

oa cecond the output of this integrator 
is clamped tc sero volts, The out- 
put of the Integrator Ia compared 
with an adjustable threshold velt- 
ago; and whenever the integrator 
output exceeds this voltage, a de- 
tection ts Indicated (by lighting a 
light, ringing a bell, etc.). 

From Figures 6-3 and 6-4 one 
sees that a reduction cf about 20 
decibels in the signal energy re- 
quired at the receiver input to give 
the seme detectability can be 
achieved through the use of a like- 

Jine!™i mpuee = hood vecelver. This is a large Im- 
Fiourn 6-5 Block diagram of recelvers for provement; it would permit an 
the detection of a pulse tignal of unknown increase in the free space Intercest 
c...ter frequency and starting time, (2) Broad- range of a given signal of ten 
band recolver. (b) Likeliiood ratlo receiver. times! Figure 6-5 (b) givea a block 
diagram of this receiver. The coat of this recelver designed tc give optimum 
performance In the face of 10° possible signal waveforma {s seen to be pro- 
hibitive. After sepsrating Input passband into one hundred separate pass- 
bands, corresponding to the possible pulse center frequencies, it is ctl 
necessary to cross correlate the output of each narrow filter with the one 
thousand possible signal waveforma at each center frequency. These corres- 
pond to the one thousand possible true positions of the signal pulse. The 
outputs of the 10° correlatocs are then given an exponential weighting and 
combined In a single adder. The output of this adder iv the Ilkelihood ratio, 
and it would be compared with an adjustaodle threshold voltage in a voltage 
comparator circult to give the detection Indication. This astronomical In- 
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crease n eculpment complexity necessery’ to optimally detect @ aignal when 
the degree of uncertainty concerning tle signal is lage has forced 2 ariety 
of engineering compromises on those wio are concerned with th. design 
and developnient of practical Intercep? eijulpmenta. 

It should be noted, however, that the cornplex receiver of Figure 6-5(b) 
in addition to doing an optimum Job in the detection of the ~vesence of a 
signz) also gives one a relatively reliable estimate of charar‘eristics of the 
signal received. This can be obtained by comparing the outputs cf the cross- 
correlators whenever a detection occurs. The correlator having the le:gest 
output should indicate which signal caiser| the detection. Birdeall and Peter- 
son have investigated the probability thit this largest output will Le the 





correct cholce among M alternative choleos ii a signs! has cccurted (Refur- | 
ences 6 and 7). Thie probability deperds upon the detoctibiiity index .. Let 
this probability be denoted Py (¢). Birdsall shows chat 
Py(d) = @(aud" -- dx), (6-16) | 
where 
e 
(2) = al exp (45/2) df, (6-17) 
“" «3 
O(-by) = 1/M, (6-18) | 
and 
Oy == ty /1.28258 (6-19) 
For M > 1000, ay can &: obtained from the equation 
O(ay) mel (1/21) (6-20) , 
Values of ay for several values of Aé are tabulated fn Table i. In general, 


for large values of 34 end for large detectability indices, P4(d)} will be very 
close to unity. 


| ee pe 


TABLE I 


M + 16 | 256 1o¢ | 10 | 70 | 10" 


M 827 884 916 964 968 979 984 
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The receiver of Figure 530) coz be simplified coneiderably by the we 
of a gated rantched filter instead of the paraiiel cross o:7icintove.* The outaut 
of a matched iiter at the end of each pose'dle pulse position will be te 
croce correlation between the input signal and pulse at that time. This out- 
nut can be sampled and then applied through an exponential function gener- 
ator tG & Summiig isteerator together with the gated cutput of the other 
ninety-nine matched filters. Such a Hkelinoo” coc! sr fe indicetad in block 
diagram form In Figure 6-6. “his receiver has the caine detection capapitity 
aa the receiver in Figure 6-5/t), 
but the signal recognition capatil- 
ity has been lost. It could be rv- 
covered by the Intrede tion o 
suitable memory and voltage com: 
parator circuits at the outpuls of 





=" T the mrtched filters. 
, +e aoe Tf the pulse position is not knevn 
ig Lape to be at one of 1000 nonoverler- 
, ping positions, then the pulse gen- 
Froune 6-6 A ae Ukcilhood ratlo re- erator and gate circuits of Figure 
celver for 108 .xhosonal siguals. 66 should be removed. The 


outputs of the one ‘hunarar sacha _filters would be sone —— 
exponential function units and then just summed in “e“Sssese 
tor, The output of this integrator would then be siti at the 
each repetition period. This simplified recelver is belleved to be optimal for 
the detection of a pulse of unknown time position within the repetition 
period, but the  peaterenneg of this receiver has not been calculated. Its per- 
formance cai. be expected to be poorer than that of the receiver in Figures 
6-5(b) and 6-6, since more uncertaiit; bss been Introduced. 







6.2 Approximate Approaches te the Intercept Problem 

The previous section has intrcduced some of the problems of detection and 
recognition of signals when large degrees of uncertainty are involved. The 
vorepicsity of this probiem has forced the use of approximate methods for 
studying the problem cf inie:vepting aignala under practical conditions. In 
this section some of these approximate methods of analysin and the results 
obta!ned with them will be reviewed. 


6.2.1 The Coincidence Concept 
In considering the optimum deiection of any one of a large ensemble of 
"A metched filter Is one whose Impulse response ls the expected signal waveform reversed 


in time. Thus, if the algnal waveform !a :(¢#) and has a durvation 8, the marched filter has 
an impulse response 2(8 ~~ &). 
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possible signala we have seen that the general approach is to build an aptl- 
mum receiver for each possible signal. Tha outputs of these individuai se- 
ceivers or channels are then combined in a way which maximises the dif- 
ference between the output when a signal in present in at least one channel 
and the output when no signai is present. Ir such a receiver tne way in which 
the probability of detection varies with signal strength ls obtained by taking 
a vertical section througn the seceivar operating characteristics. Such a curve 
ja plotted in Figure 6-7 with detectability index « cs the abscies. In general, 
d wiil be some function of tne iips! 
signal-to-noise ratio as diacussed in 
Sections 6.£.1 and 6.1.2, This figure 
is obtained by wang 2 vertical 
section through Figure 6-1 at Py (A) 
== .00i. If a smailer false alarm 
rate is of interest, this curve would 
be shifted to the left, and vice 
versa. Probability cf intercept cal- 
Frours 6-7 Probability of detection for a culations can be great'y simplified 
Mielihood ratio recelver versus signa: detec- by renlacing this detection curve 

tability index 4. by the dotted one shown. The as- 
sumption made by the dotted curve le that signal-to-noise ratios larger than 
some czitical value (leading to d = 9.5 for the case shown in Figure 6-7) 
are certain to be detected, and all signais below this critical value are 





missed entirely. This approximation to the true situation has been cailed 


“eid concent.” the critical value of d belag the detection thresh- 


‘the “Ut ewe son te 2 the nne leading to 
old. In Figure 6-7 this ‘threshold VOIUG Ul © in Cucae 


a 50 percent detection probability. This cholce is siineny, and one might 
equally well choose a detection threshold corresponding to a 90 percent or 
greater detection probability. 

Under the thresholc assumption, any time the signal input to the recelvers 
of Figure 6-5(b) or 6-6 falls within the acceptance band of one of the re- 
celvey channel amplifiers and has sufficient intensity, a signal interception will 
be rads. On the other hand, if the input signal [s rejected by all amplifiere or 
if its enezgy Is too small, nu intercention occurs. Thus, with the threshold 
essurnption, probability of faiercept becomes the picbahitty of colncidence 
between the signa! parzineters (fisld strengih, centor frequency, time of ar- 
zival, ote.) and the receiver parameters (threshold intensity, acceptance fre- 
quency range, etc.). Under tnis wesucption the probability of Intercept for 
all three receivera suggested at the end of Section 6.1.4 ‘s unity ior uaz fn 
tevded radar signals as long +" the input signal strength {a sufficient. The 
threshold pulse energy for the two likelihood ratio receivers, however, will 
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be 20 decitels lesz than for the “broadband receiver” of Figure 6-S{a), 
Thus, calculation of the probability of Intercept for any one of these re- 
celvers is reduced to calculating what fraction of the tims the incoming puise 
nignals exceed the particuler receiver's threshold energy. 

Asan example, let ws suppose that the radar fs dDelng rotated at a uniform 
rate through 560 degrees of azimuth, and let it further be assumed that when 
the Jucercept receiver is within the radar antenna beamwidth the pulse energy 
exceeds the threshold cx the likelihood ratio recelver by $5 decibels. If the 
radar aide lobes are only down 30 decibels from the main beam, the intercept 
probability with likelihood receivers wouid be unity. The broadband receiver's 
threshold being 20 decibels lower, this recelver would oniy intercept pulses 
while the intercept receiver antenta was within the radar antenna’s main 

beam. The probability of Intercept for this receiver would thus be 


ss: 42/440" (6-21) 
where 
é, == redar antenna bandwidth. 


6.2.2 Probability of Coincidence Calculations 
Coincidence calculations have formed the basis of the intercept prob- 
edility estimates by a number cf authora who are lsted in References 8 
through 15. Two of the most recent reports in this area are those of Alel 
and Ensiow (References 13 and 15). Enslow’s report in a rather careful and 
co:nplete summary of the nature of the problem and of the prior work in the 
field. Such an exhaustive review does not seem feasible here, bu: sans 
typical aivacen will be discussed to !llustrate the approack. 
Lten oct avatema the et of multichanne! receivers 
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bes led eagineers to the “development ‘OF wie tesa ee : — 
celver. One can consider the use of receivers thet an over any one 
of a variety of signa! parameters such as: frequency, direction of erriva!, 
intensity, duration, etc. Initially one is usually most interested In frequency 
and direction of arrival. 
Figure 6-8 Is an example of a time-frequency diagram for a receiver scan- 
ning the frequency band from /, to /s with linear sawtooth sweep. This figure 
can be used to calculate the probability of coincidence in both time and 
frequency between a pulse signal and the panoramic receiver acceptance 
Irequency band. Figure 6-9 is an example of ai angie-versus-time disgram 
for the visualization of coincidence between the directions of rotating re- 
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Frovar 6-8 Frequency-t. diagram Fiovar 6-9 Diagram cf antenna direction 


for a linearly sweeping panovamic re- versua tlme for two narrowbeam antsnnas 
ceiver and & pulse signal, rotating at & vonstant apsed. 


ceiving and transmitting antennas and the angle of the path between the 
receiver and the transmitter. In this figure it is assumed that the reference 
directions for each antenna are chosen ao that 180 degrees corrcgnonds to 
hath antennas “looking” directi;; at each other. Whenever the 180-degree 
line 's within both beamwidtns xt the saiic ties, sm sorular coincidence 
occurs. Such 2 coincidence is not Ulustrated In Figure 6-9, although {t looks 
as though one might occur on the next rotation cf che receiving antennas. The 
evrbols used in Figures 5-8 and 6-9 sre Gefaed he:ow. In choosing values 
for many of tacts quantities the threshold’ concept [2 used. For exaraple, {f 
the signal pulse duration is ig ssconds. xa Eaow diat most of the signal 
power epectivisis lies within a bandwidth approximately 1/t, cyclea por 
second wiiiz, Or tke other hand, if the cignal strength jas aufficieniiy grsat. # 
receiver tuned to a frequency band 3/te cycles below or above the signe! 
frequency /, may intercept sufficient energy to produce « detection. 


f, == signal center frequency in cycles per second. 

o, = signal spectral bandwidth in radians per second. 
tg = signal duraticn in seconds. 

7p <== signal pulse-repatition period in seconds. 


as nulse-repetition frequency In cycles per second. 





limits of pandzahae Wace. ATs eee 


fer fa oe ‘x 07: Mame in curio ner oom 
A= 

D = sweep bandwidth of recelver In cycles per second. a ae 
s c= receiver sweep rate in radians per second per second, 

a = acceptance bandwicith of receiver in cycles per second, 

§ c= receiver acceptence bandwidth in radians per second. 

T, = recelyer sweep period in seconds. 

6, «7 trarnamitting-entenna bearvwidth in degrees. 

t,, = transmitting-antenna look period in seconds. 
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T,, “= transmitting-entenna rotation period in seconds. 
6.4 o= transmitting-antenna beamwidth in degrees. 
te == recelving-antenna look period in seconds. 
Tre == recelvice-antenna rotation period in seconds. 
tg == random celay in seconds, 
F, <== frequency of coincidence in cycles per second. 
Fi, = frequency of revolution of radar antenna in cycles per second. 
7, = coincidence period in seconds. 


SRF == scanning-repetition frequency. 


The informstion In Figures 6-8 and 6-9 can be represented in another 
form which ly illustroted In Figure 6-10. Figure 6-10(a) represents the 
panoramic receiver searching for 


fh ou oo * fin mon, the pulse train illustrated in Figure 
! 6-8." Two pulse trains are shown: 

eon eth eee (1) the upper pulse train is unity 
i Nicaea whenever a pulse occurs, and zero 


tutsiny cweptoneiinn =» Otherwise; and (2) the lower pulse 
train is unity whenever the receiver 
, « Te SL acceptance bandwidth lies withi« 


(¢) 


lt ee eae the frequency interval jf, rt 61/4, 
S-selvaz in trangmittes 224m 

accunled by the pulse signal ec 

it 1. > . trum. Similarly, the two jules 

———— NS romomitr neon «= CAINS in Figure 6-10(b) represent 

the antenna rotation problem of 

Fiuvar 6-10 Pulse-train representations of Figure 6-9, The upper ize ‘rain ts 

colncidence problems. (3) Sweeping recelver unity whenever the receiver site Hea 

and a pulse signal. (6) Rotating transmitting within the transmitting bearnwidth, 

ane tener ving Sutennan. and sero otherwise; and the lows; 

train is unity whenever the transmitter site is within the recelving-antenna 

vbandwidih, In both Figures 6-10(a) and (b), a colncidence will be achleved 

when there is an ovériap between the two pulse trains. This occurs at A In 

Figure 6-i0(a). The problem of calcuiating the probability of coincidence 

in the case of reguiar scanning patterns such as those ilusiwated in Figures 

6-8 and 6-9 is thus reduced to calculating the probability of calncldence 


11), 


6.2.8 Unit Coincidence Probabilities 
The probabillty of a coincidence of the recelver acceptance @:.0d wil& e 
*With a different tlme scale. f 


atch oe So tale | DER A 


INTERCEPT PROBABILITY AND RECEIVER PARAMETERS 617 


' signal pulse on a single sweep has been called the “unit colnsidence probabll- 

| ity” (References 13 and 15). As long as the pules-repetition period ie 
greater than the sweep period, the probability of frequency coincidence 
alone is the ratio of the duration of the pulse pius the duration of the ze- 
ceiver accepiance time divided by the sweep pariod 


PA) oe ett et (6-22) 


where 7, > T, and P,"!) = the probability of a signal-frequency coincidence 
on a single receiver scan. For 7, < 7, one has the possibility of coincidence 
with more than one pulse. When the pulse length é, ls much less than the 
pulse repetition perlod 7,, the number of pulses which occur in one sweep 
period 7, is just 


n == the next integer > (7',/7;,). (6-23) 

The probability of a frequency colncidence duriag one scan Is then multipiled 
by this factcr and becomes 

a jot Get aah (6-28) 





which is vaiid until 7, == ts + [(6, -+- 6)/s). For shorter 7’, at wact one 
colncidence is certain to occur and ore has 


PAY cts Ty < be pe (er 9) 44). (6-25) 


For an Interception to occur it is necessary that there be coincidence be- 
tween the receiving and transmitting antenna scans 43 well as between the 
frequency of the algna) and the receiver frequency. Thus, if the two scans are 
independent, 


PO = Po) py (6-25) 


where P,'') = the probability of an intercept coincidence on a single fre- 
quency scan and P,") = the probability ofan antesana coincidence during 


cate FA T2 GON \ ner 
< a stages roy =~ ind. 


If both antennas are scanning, P,) ja not easy to veka Seat of 
possible synchronization effects, which are alao encountered when one at- 
tempts to calculate /,(¢), the probability of at least one signal-frequency 





Ie Fg oe 


=e 


Pane 


6-18 ELECTRONIC COUNTERMEASURES 


coincidence by a time ¢#. (Recall P,'!) ‘3 probability of coincidence during 
ows scan.) Ou the other hand, if the receiving antenna is omnidirectional, 
P,"") is just the duty factor of the up:. r puise trein in Figura 10(b), 


P,) sz b16/T ta (8-27) 


Thus, in this case the probablilty of an Intercept coincidence on 4 single fre- 
quency scan becomes 


o)) c= # ° fete Ons) (6-28) 


(the receiving antenna is omnidirectional and 7, > T7,). For very slowly 
scanning receivers this condition does not held and the probability of coin- 
cldence (Eq. 6-28) increases up to unity when the duration of the coincidence 
between the receiver acceptance bandpass and the signal spectrum exceeds the 
duration of one transmitting antenna rotation (Reference 15). 

The probabllities of coincidence calculated here, as examples, assume that 
no overlap is required between the pulse trains of Figure 6-10. Such calcula- 
tions can be modified to Include a minimum duration of coincidence between 
the pulse trains without difficulty (Reference 15). Equivalently, ome can 
take into account the need for a finite duration of coincidence by one’s 
choice of the signal spectral bandwidth 5, and the receiver acceptance band- 
width 0. 


6.2.4 Time-Dependent Probabilities 

When one attempts to calculate the probability of colncidence as a func- 
tion of the duration of the searching time, one encounters various problems 
related to the periodic nature of the events under consideration. Because of 
this perlodicity the mathematical techniques for combinatorial analysis of 
random eveint2 sre not generally applicable. It has been suggested, however, 
that a random delay be inteniicza!!y introduced Into the receiver sweep pat- 
tern to overcome this difficulty (Reference is). If 7°; >> T,, a random 
delay tg can be programmed between each frenuency sweep with an averse 
delay approximately equa! to 7. This will render successive swecps random 
without introducing an excessive ‘‘dead” time. The average dead-time ratio 
will be Just 7,/(7, -+- 7,). For 7, < 7’, this becomes important. In this 
case, one can still achieve the effect of randomness by introducing a random 
delay ¢,4 such that ¢.g =» 7, every Ath sweep. & should be chosen the next 
integer above 7,/7,. 

When the successive trials are independent, then the probability of at least 


_. Soe colnetdence in m trials (sweeps) is just 
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pm ={— (1 ~on prym (6-29) 


One notes that 9) can never become unity. A question of great importance 
in a search system Is the time required before the probability p'™) reaches 
some specified « siue. As the time for each trial is 7, + é¢, the number of 
trials, m, required can be obtained from Eq. (6-39) by transposing and 
taking the logarithm of both sides, and ls found to be 


in [1 — gi) 
Mm = Bhatt (6-30) 
The time required is then 
tea = (Tab tra) = (Tat tn) pe (6S) 


where ¢,.4== time required to achieve a probability 9‘) of coincidence with 
at least one pulse 
7,== receiver scan period 
t-g== average receiver delay time between scans 
fp) == probability of coincidence on a single scan 


When successive trials are 10t Independent, the problem of synchronization 
becomes important, Clearly if 7',/7, is an Integer in Figure 6-10(a), depend- 
ing upon the relailve phasing of the two pulse trains, one can have a signal 
coincidence on every trial or on no trials. If # is a noninteger but a rational 
number, one can still have synchronization; but the extremes of the coincl- 
dence probability will not be as great. Severs! authors have studied these 
effects in some detal! (References 9, 10, 15). Matthews considers the long- 
time average of the fraction of the pulses which coincide with the receiver 
passband during the tranamitting antenna “look” assuming an omnidirectic "al 
receiving antenna. By choosing a sweep speed such that the sweep period is 
less than the look time (7, < #4) and the receiver lock time is greater than 
the signa! period [(6, + &)/s > Ty], one ._.” uvcld the sychronization 
effects and guarantze that the fraction of the pulses intercepted from each 
transmitting-antenna look is the intercept ratio 


6 é 
— =m 8 6-32 
no n(fa ~ fi) (ese) 


Under ihe seeumptiviia 7, << t.. and Ty, < [(4, + 63/2], one is bound to In- 
tercept at least one puiss on every Icok oi the radar antenna. The average 
time required to pick up at least one pulse with a probability ?(é) is 
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== (7% + 7) P(E) (6-33) 


For P(t) = 1, this is just the scan time of the antenna plus the scan time 
of the recelver. 

When one cannot achieve satisfactory performance under the assumptions 
given above, one is forced to face the problem of estimating the probability 
of coincidence between two periodic wave trains as indicated in Figure 6-10. 

This problem has been treated 
ate *—— rigorously by Richards (Reference 
11), Considers the two wave traiizs 


Si Wecteestend) Mate ae 
b- ss shown in Figure 6-11. Richaras 
aes n i shows that if #:/7, and #:/7, are 


. beth small and 7; g& 7's, the prob- 
Fiours 6-11 Two periodic wave trains. abllity of P(#) exceeding Po + Q Is 


ae (bs + ta) [,. of 
P*(t) = 1 wane} + [te fin 778 | (6-34) 


(stg) 


where Po 
P*(t) 


$t;/7',7', == probability of coincidence at ¢ = 0 
probability that, after a trial of duration ¢, the probabiiity of 
intercepting ut least one pulse !s greater than Po +- 9 

This expression {a only valid for (Po + @) < }. It is fmportant to hear 
in mind that P*(#) Is not the probability of cuincldence P(¢), but only the 
probabiiity that, by the time #, P(#) > (Po + Q). If the time fs limited by 


$= max (7;, Ty) (6-35) 


(max (%,y) moans x or y, whichever is greater), then the rrobability P(#) 
is given exactly by 


PO) =P + 144 fe sa) (6-36) 


W. W. Peterson has been able to extend this result to show that the mean 
value of P(#) obtained by averaging over aii poscible ratios of 7/7, and 
assuming that this ratio is uniformly distributed over al: values is 


— t ty * t 4 \? 
P(t) ws Py +(e — 0.304 (“ee ) #2 (6-37) 
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provided P(t) SS 0.5 and é¢ S [(7: + t)/271:Ty] (Reference 16).* This 
quadratic equation can be solved to give the time needed to achieve an 


average P(t): 
8 at Ca a 
¢ om B08 i Cha) | p— ST — 12i6[Pée) Po] (6-38) 


Equations (6-34) to (6-38) are all based on the requirement of sero 
overlap between the two pulse trains. If the pulse trains overlap for a time 
$, before a coincidence {s scored, the quantity (¢: ++ #s)/7,7's in these equa- 
tions should be replaced by (ts ate ate) /T37 3: 


6.8 Summary of Preceding Secticns 

In the preceding sections of this chapter sume of the concepts and difficul- 
ties of the calculation of probability of intercept have been introduced. 
Signal-detection theory provides one with an estimate of the very best that 
can be achieved in this direction, and it shows clearly te prica one must 
pay for not knowing what one ‘s looking for. Because of the complexities of 
receivers which optimize the probability of intercept for a wide range of 
possible signals, the designer is forced into the use of nonoptimum scanning 
receivers when his knowledge o! the expected signal parameters is poor. This 
is always Ukely to be the situation when one designs receivers for COMINT 
or ELINT applications, for example. On the other hand an intercept re- 
ceiver for use with a particular jammer or a particular weapon may represent 
a very different problem. Such a receiver need only look for signals of interest 
to the particular jammer or weapon involved; anc the number of these may 
be rather well defined. In such a situation the designer may ba able to take 
advantage of the limited number of possible signals to design a receiver 
capeble of much better performance than the general purpose scanning re- 
celver. 

In locking into the performance of scanning receiver systems one finds the 
situation rather less clearly defined than one would wish, particularly if the 
scanning processes involved are periodic. Nevertheless one can note some 
general things about scanning receiver systems. In Figure 6-12 are plotted 
the number of scans necessary to achieve a specified probability of coincidence 
yersus the probability: of a coincidence on a single scan. Roth the random case 
given by Equation (6-31) and the Peterson average of the perlodic case are 
plotted. Two things are apparent: (1) the average time for the periodic case 
does not differ markedly from the time for the random sweep case; and (2) 
*In order to obtain manageable expreasions for P(t), which must be averaged, Peterson 


restricts himself to Richard's “open” and “single-overiap” cases. As long as P(t) !s Joes 
than one-half, these are the only cases possible. 
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in both cases over the range of 
probabilities usuatly of interest 
(probability of coincidence per scan 
less than 0.1), the time required to 
achieve a specified intercept prob- 
ability veries inversely with the 
probadtiity of intercept per scan. 
This is certainly the most impor- 
tant single price that one must pay 
in going from a wide-open to a 
scanning system. In some circum- 
stances one can afford the extra 
time required; in others it is simply 

Probability of esineiterce fer one man not tolerable. To reduce search 
Fiovrag 6-12 Number of scans to achieve a time one must either scan more 
specified probability of colncidence versus rapidly or increase the probability 
probability of coincidence on a single scan, of an intercept on each scan. In- 
tercept systems which involve scanning more than one parameter (frequency 
and antenna direction, for example) almost always lead to a very low prob- 
ability of intercept per scan (the slower acan) and hence to very long 
search times. As a result most practical systems have been limited to the 
scanning of a single parameter (usually frequency). 

When one is looking for signals of short duration, one {s naturally led to 
increased scanning speeds. In the definitions cf Section 6.2.2, ecveptance 
bandwidth is specified az though it were Independent of the sweep speed, As 
the sweep speed is increased, one finds that the effective acceptance band- 
width of the receiver increases, and the amplitude of the receiver output de- 
creases. This problem has been studied by several authors (References 17, 
18, and 19). As one scans faster and faster, the effective acceptance band- 
width ultimately approaches the entire frequency interval being scanned: 
and the penoramic receiver becomes a wide-open, broadband recelyer! One 
can show that the output signal-to-noise ratio for such a recelver is the zame 
as for a conventional broadband recelver if optimum video filtering ls used 
(Reference 20). Subsequent studies of the statistical performance of a 
rapidly scanned panoramic recelver have indicated that from the signal 
detectability point of view there is never a finite, optimum video bandwidth. 
Depending upqn the parameters cf the situation the optimum video filter is 
always found to be very narrow (an Integrator) or very wide (no filter). 





6.4 Coincidence Properties of Various Types of Receivers 
During the early days of the countermeasures program, the only reczlverz 
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available for purposes of interception and identification of frequency were 
of the “slow-scan” type adapted to be tuned manually across a frequency 
band in a matter of minutes. Under those conditions, most of the early work 
on intercept probability was concerned with the determination of optimum 
scanning-repetition frequencies as a function of radar revolution rates (Ref- 
erences 21, 22, 23, and 24), Since the scanning-ropetition frequencies (SRF's) 
of such receivers may be comparable with the frequencies of revolution of 
searching radar sets, they were not well adapted for use as intercept recelvers. 

In more recent years, the advent of “rapid-scan” receivers capable of 
scanning over the entire frequency band in a email fraction of a second has 
made it possible to examine new scanning-frequency regions, in which the 
interception ratio is a function principally of the pulse-repetition frequency 
or of the look period. It has been found that satisfactory Interception can 
be achieved using tuese higher (SRF's), thereby rendering further examina- 
tion of the longer-scan region unnecessary. 


6.4.1 Slow-Scan Receivers 


6.4.2.1 Merlaceront of the Acceptance Hand by Ite Own Width 
in One Revolution Perisd. ‘The intercept-probability problem can best be 
approached by examining the manner in which ‘the ratio of pulses intercepted 
varies as a function of the scanning-repetition frecucacy, the radsi revolution 
frequency, and the look period or the radar prf. Initially, consider the region 
in which the receiver scanning-frequency is very small in comparison with 
the radar-antenna revolution frequency. Specifcaily, assume that the re- 
ceiver {s tuned at a rate such that ita frequency changes by a, ‘ts acceptance 
bendwidth, in megacycles per second, In the period of one radar revolution. 
Such a condition is indicated diagrammatically in Figure 6-13. 
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Frouny 6-13 Siow ecan; receiver tunes through own bandwidih in one porlod of revo- 
lution of trensmitiing antenna. 


We now have the following relationships: the ratio of pulses intercepted, 
or “intercept ratio” is 


(6-39) 
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where F, is the frequency of coincidence between the receiver frequency and 
the radar frequency, and F;, is the frequency of revolution of the radar. One 
train of pulses is directed at the receiver during each revolution of the radar, 
and F,, trains of pulses are therefore available for interteption during each 
unit of time. F, is given by 


F, = 1/T, (6-40) 


where 7, is the time interval between coincidences. In this case, one pulse 
train or one “look” is intercepted during each scanning period and we have; 


c; em TZ, (6-41) 
where 7", is the scanning period of the receiver. In turn, 7, is given by 
T= —T (6-42) 
since the receiver tunes over a band a wide in time 7)., and the scanning 
band~idth is D cycles per second, 
Substituting Eq. (6-42) aud (6-41) in (6-40), we have 
P, = 1/2 T's = Fiea/D (6-43) 


and substitution of this expression in Eq. (6-39) yields the required reeult, 


- Figa/D) a 
R= Cust?) — (6-44) 


Thus, in this case, the ratio of pulses intercepted is equa! to the ratio of 
the acceptance bandwidth of the receiver tc the scanning bandwidth of the 
receiver. 

The mayimum time required to intercept the signal is, evidently, the coin- 
cidence period 


T, = 2-1, (6-45) 


By way of example, assume that we have the following typical case: 


Tig =2 30 seconds 
D = 2000 Mcs 
@ sz: 220 Mes 
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Then the ratlo of pulses intercepted is found, from Eq. (6-44), to be 
R = 200/2000 = 0.1 (6-46) 


and Eq. (5-45) shows chat the maximum time required to achieve intercep- 
tion is 


T, == (2000/200) < 30 = 300 seconds == § minutes. (6-47) 


Although the time required for intcrception is long, the relationship given 
by Eq. (6-4') ind (6-45) are useful, and this region of operation Is of prac- 
tical importance bec*'sxe it is at least certain that a= interception will be 
obtained during each « .nnisig period of the recelver. The assumption ifs 
made, of course, that the. -piance hand of the receiver Is sufficiently wide 
so that the receiver remains ., -" ~.: ‘he radar frequency during the entire 
period of each intercepted look. Lisls condition actually exists, even in the 
case of narrowbend receivers. 

In the above examples, a 10 percent acceptance-band to scanning-band 
ratio has purposely been assumed because this ratio applies to rapid-scan 
receivers, which will form the basis of the discussion of other operating 
regions in which the acanning-repetition frequency {is higher. It is readily 
seen from Eq. (6-45) that, if a conventional narrowband (a = 2Mcs) super- 
heterodyne Intercept receiver {s used in this manner, scanning over the same 
band, D, the maximum time required for interception may be 100 times as 
great, or 500 minutes (8%) hours. This points up one of the difficulties of 
using such receivers as Intercept receivers. 


6.4.1.2 Scan Period Comparable with Reve'siion Period. If it is 
now sssumed that the SRF is ralsed ao that the acceptance batd of the re- 
ceiver 3a displaced more than its own width in one revolution period, we enter 
a region in which Nttle can be predicted regarding intercept effectiveness. 
The rogion discussed In Section 5.4.1.1 above Involves SRF’s of the order of 
10 scans per hour. We now consider SRF’s ranging from this figure through 
the region in which the SRF !s comparable with the radar revolution fre- 
quency, say 100 revolutions per hour, tc the region in which the SRF as- 
sumes a value, say 20 scans per second, comparabie with the reciprocal uf 
the time duration of a radar Icok, This is a very extensive part of the SKF 
apectruin, including as it does, SRF’s from the order of magnitude cf 10°° 
per second to the order of magnitude of 10 per second. 

As s00n as the acceptances bane of the receives is dieplaced more than a In 
the periud of one radar revolution, it can be seen that there la 2 possibility 
of the pulses of a given radar look occurring at an instant when the recelver 
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is not on the radar frequency. Under these conditions no interception occurs. 
As the SRF is still further increased, a series of values \s reached at which 
the receiver “gate” is open at the radar frequency every ath look. For cx- 
ample, if the SRF js one-quarter the radar revclution frequency, and the 
phase relations are favorable, the receiver will intercept every fourth look, 
On the other hand, I! the phase relations are not favorable under these con- 
ditions, the receiver will fall to intercept any looks at all, 

Further increase in the SRF brings it to the value where It is equal to the 
radar revolution frequency. At this value of SRF, every look will be inter- 
cepted if the phase relatione are favorable, but a complete fallure to inter- 
cept any pulses will occur {7 the phase relations are not favorable. 

When the SRF is greater than the radar revolution frequency, a situation 
prevalls which is similar to that which exists when the SRF is less than the 
rader revolution frequency. Beats” occur between the receiver and radar 
gates, and the ratio of pulses intercepted may be large or small depending 
on the beat frequency and the phase relationships involved. 

This case is most easily analysed by considering the condition which exists 
in the region where the SRF ia closely comparable to the radar revolution 
frequency. Figures 6-14, 6-18, and 6-16 sre diagrammatic representations of 
this region, (In Figures 6-14, 6-13, 6-16, 6-17, and 6-18 only about every 
Afth pulse is shown because of drafting Iimitations.) In each of these figures, 
the top line represents the times of occurrence of the radar looks, the center 
of each of which is indicated by the short vertical lines. The bottom line 
represents the times at which the center of the receiver gate is at the radar 
trequency. In what follows, no attempt is made to appraise the effect of the 
relationship between the acceptance bandwidth and the duration cf the radar 
look, The results obtained herein might be expanded to take into account 
the fact that these occurrences actually have finite duration; but the value 
of such effor: -ould seem to be problematicel, since it is quite evident that 
this is not an optimum operating region. 

First consider Figure 6-14, This is the case where the SRF is exactly 
équai to the radar revolution frequency, and the phase relations are favor- 
abie. ft is quite evident without any analysis whatsoever that under these 
conditions all looks are intercepted, R Is unity, and 7, is 7;,, if we assume a 
coincidence at ¢ = 0. 

However, it is also evident that, in order to matntain this perfect intercept 
effectiveness, it is necessary that the y2'ce a open at exactiy the same tize. 
Since they are stiowu at being infinitely narrow, even the slightest time lag 
or gain will result in losing the interception entirely. The extreme case of 
this type is represented by Figure 6-15, in which the radar is exactly half a 
cycle cut of phase with the receiver, and no pulses are intercepted. 
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Frouas 6-14 Slow scan; scanning repetition period equal to, synchronous with, and in 
phase with revolution period. 
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Fiovas 6-17 Slow scan; ecanning period comparable with but longer than revolution 
period. 
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T'he conclusion is, of course, that when the SRF {'s exactly equal to the 
radar revolution frequency, the intercept ratio K may be either 1.0 or 0, 
aepending upon the phase relations. In the case of practical receivera in 
which the finite width of the gates permits the Interception cf the trefling 
edge or of the leading edge of a pulse train, this conclusion would be modified 
to state that when the SRF I exactly equal to the radar revelution frequency 
the intercept ratio R ray He between 1.0 and 0. This would be « trivial 
result, except for the fact that {a certain other regions £ is much more nar- 
rowly limited, regardless of phase. 

Because it is practically impossible to maintain two periodic functions 
exactly in step over any appreciable period of time, neither Figure 6-14 nor 
Figure 6-15 has much practical significance. Instead, the conditions demon- 
strated by Figures 6-16 and 6-17 are those which will prevail in this region 
most of the time. Figure 6-16 represents the case where the SKF is silghtly 
greater than the radar revolution frequency or, in other words, where the 
scanning period {is slightly shorter than the radar revolution period, 

In analyzing Figure 6-16, we observe that, at the end of the first revolu- 
tion of the radar antenna the receiver gate is 7./10 ahead. At the end of the 
second revolution, the receiver gate !s 27',./10 ahead, and it Increases its lead 
by 7'4/10 each revolution, until, after 10 revolutions, it is ahead by 7,; and 
a coincidence occurs on the ninth radar look. 

This would lead to the conclusion that « coincidence will occur whenever 
encugh revolutions have been passed to advance the scanning gate by one 
revolution period. Thia cenclusion is approximately correct, but note needs 
to be taken of the fact that exact multiples cf 7, and 7,, may be Involved 
and that the advance may be more than one revclution peried, If, in fact, 
T, were 27;,/10, the advance per period would be 27;,/10 and the gate 
would advance four revolution periods in order to produce a coincidence. 
Also, the advance must be an éntegrai number of revolution periods, since 
the gates are shown as being infinitely narrow. 

A similar situation prevails when 7', > 7),, 28 ehown In Figure 6-17. 

Exireme variations In R and 7°, occur In this region with very small varia- 
tions in 7,/7 4, and since there Is no possible way in practice to fix the vatue 
of 7, in reiation to 7,,, or even to predict it, it would be imposcible to utilize 
any optimum relationship which might be established. It ia concluded that, 
since there are other regions in which optimum values of the operating para- 
meters can be easily determined and easily achieved in practice, exact analyvals 
to determine R and 7, In this region in which SRF's are comparable with 
radar revolution frequencies would not be justified, at least for the purpose 
of this discussion 
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6.4.2 Rapid-Scan Receivers 


6.4.2.1 Scan Period Comparable with Duration of Redar Look. 
As the SRF is now further increased, the scanning period begins to approach 
the value where it is comparable In length to the duration of a radar look. 
Typicaily, the length of a radar look may be in the vicinity of 449 second. In 
this section therefore, SRF’s In the neighborhood of 20 cycles per second are 
discussed. The pulse length #, and the spectral duration 5,/s, are disregarded, 
because they are both emall in comparison with 6/s, the time the receiver 
gate is open on the frequency of thc pulse. 

This is one of the optimum regions, in which performance can be predicted 
with satisfactory accuracy. The results of Eq. (6-28) do not apply since the 
antenna scanning process ie not random. The relationships developed in this 
section, though simp!e, will therefore be found to be significant from a prac- 
tical standpoint, Considering, firat, the case when the scanning period 7, {s 
exactly equai to the duration of a radar look #;, as shown in Figure 6-18, it 
is evident that some pulses will be intercepted during each scanning period. 

The number of pulses intercepted out of any given look will be the product 
of the pulse-repetition frequency *, and the length of time the recelver gate 
is open on the radar frequency. The intercept ratio (the fraction of pulses 
intercepted from a given radar look) will then be this quantity divided by 
the number of pulses in a look. Since the recelver gate ia open on the radar 
frequency for a time duration a7,/D, and the number of sulsea in « look Is 
trey We have, for J, = bye, 


F,aT,/D a a. ” 


R= i (6-48, 


biel» 


Tt is also evident that the maximum length of time required to produce an 
intercept, {f the look is already there when the scanning cycle starts, is 7,. 
However, If time is reckoned from the moment when the recelver Js turned 
on, there may be no pulse train available for interception until the radar 
antenna comes around and looks at the receiver, d if this definition is 
used the maximum Intercept time will be 7'j.. 

As the SRF is further increased, the relationships of thle section (averaged 
over a number of sweeps) continue to apply until the time che recelver gate 
ls open becomes leas than the period of the prf, under which conditions !t is 
possible that the gate may exist, at the radar frequency, only between pulzes, 
This upper Hmit Is given by 
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(a/D)T; nis = dy 
T, min = (D/6)T, 


For example, in the case of a rupid-scan receiver with an accoptanc. baad 
to scanning-band ratlo, a/D, of 0.1, searching for a radar operating at a prf 
of 1000, the minimum scanning period applicable to this region is 


(6-49) 


7; nin == 1D x 2/1000 =: 0.01 second (6-80) 


6.4.2.2 Scanning-Repetiticon Frequency Comparable with PRF. 
We now ei:ter the region in which !t is poss!ble for the acceptance band of 
the receiver to cross the radar frequency between pulses. Considerations ap- 
plying to this region are similar to those already discussed in Section 6.4.1.2 
in connection: with the condition when the scanning period is comparable with 
the revolution period. The discussion of Section 6.4.1.2 will not, therefore, be 
repeated here. 

Where a random delay is employed, the analysis of Section 6.2.4 applies 
here. In any case, this is a useful operating region, because as shown by 
Dethlefaen (Relerence 10), when 7, and 7, are small, phase and frequency 
instability produce a desirable smoothing effect In & short period of time and 
eliminate the sharp peaks and nulls of synchronism. These considerations are 
discussed in more detail in Section 6.4.3. 


6.4.2.3 Scan Period Comparable with Pulee Length. Technical de- 
velopmenis have now made it possible to operate with a scanning period as 
short as the length of the pulse. In this region, it is obvicua (hat perfect in- 
tercept effectiveness is achieved. Since the receiver acana over the entire band 
in the period of # pulse, it is impossible to misa say pulass, and every pulse 
will be intercepted. Therefore, the Intercept rativ is 1.0 and the maximum 
timo required to produce intercevtion is either 7, or T,,, depending upon 
whether time Js reckoned from tha start of e radar look or from the time 
when the receiver is turned on. 

The usefulness of thie region of operation is Hmited principally by tech- 
niques. Since by definition the time the gate is cpen on the radar frequency 
is shorter than the pulse length, {t follows that the gate cuts the pulse into 
segments which are only a fraction of a pulse length long. The result iz to 
increase the video bandwidth requirements of the receiver, to reduce the 
amount of energy available for display purposes, and to increase the writing- 
speed requirement of the display oscilloscope. It has been shown on theoret- 
ical grounds (Reference 25) that these extended design requirements can 
be met with only « relatively srnall amount of circuit and component refine- 
ment, and receivers have been constructed. 
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6.4.3 The Effect of Instability 

In Section 6.2.4 the effect of introducing a random delay Into the receiver 
sweep pattern is discussed and analyzed. It has been found that such sandom 
delays are actually present, even if not intentionally Introduced, in view of 
the phase and frequency Instability of both the radar and the receiver. The 
instability of these parameters is, in fect, so large that, over a relatively snort 
period of time, the peaks and nulls due to synchronization are smocthed 
out, and an averaged, integrated value is obtained. 

A general anslysis along these lines has been completed and verified ex- 
perimentally by Dethiefeen (Reference 10). As in Sections 6.2.3 and 6.2.4, 
the statistical principle involved is that, if a certain number of events occur 
at random at a certain average rate over a long period of time, and if the 
continuum is sampled at random during that same period of time, then the 
proportion of events detected will be equal to the proportion of tline during 
which |‘a sampling mechanism .2 receptive. Applied to the intercept problem 
‘i::, cveans that, if the average number of pulses directed (at random inter- 
vals) »¢ she recelver over a long period of time fs A and if during that same 
period of tlme the receiver is receptive at the radar frequenry for a fraction 
of time represerted by 3B, then the number of pulses intercepted will be 4B. 
More specifically, if the pri a Fy, the receiver acceptance bandwidth is 2, and 
the receiver scanning band ia D, then the receiver will be open at the radar 
frequsncy for a fraction of time a/D and the rate at which pulses will be 
intercepted will be F,a/D, regardless of the frequency and phase relations 
involved, providing they are both random and considering frequoncy scan- 
ning only. Then !t followa that, with these same limitations, the intercept 
ratio is a/D. 

The validity of this line of reasoning Is quite evident, provided that it can 
be accepted that the processes Involved are actusily random, It may seem 
surprising that this is true in the case of the Intercept problem, In view of the 
care which has previousiy been taken to determine exact frequencies, band- 
widths, phase relationships, etc. However, careful tests have been made using 
simulators, and it has been determined that the instability encountered In 
actual practice !a, indeed, sufficlent so that the statistical result applies with 
considerable exactness. In fact, attempts to malnialn aynchrcniem between 
T, and 7), or 7, with the objective of cperating at one of the pesks or nulls 
of the synchronous condition always met with failure; after a relatively short 
period of time, synchronism was lost and the intercept ratlo became a/D. 

Tt may therefore be stated, by way of summarizing, that in the practical 
intercept case the uverages Intercept ratio is always a/D, regardless of the 
nominal values of 7,, JT, or Tig, provided that the observations are taken 
over a long period of time. 

The question still remains as to what js a long period of time, in this case. 
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Teats have shown that this meana that the period of observation must be 
long In comparison with any of the variables 7,, T,, or 7,. Thess relation- 
ships are therefore not valid in the case of short-burst trsnsamissions. 


6.3 Summary of the Coincidence Problem 

Taking tho considerations of Section 6.4 into account we are now able to 
draw the following conclusions regarding tha relative merits of the various, 
regions of operation which have previously been cons!dered. 


(A) 


(8) 


(C) 


(D) 


(2) 


Recelver tunes through a in 7,, (Section 6.4.1.1) 

This region is established as valid and predictable without relying 
on statistical considerations. The maximum time of intercept is, 
however, too long, and this is not a desirable operating region. 

1, comparable with 7;, (Section 6.4.1.2) 

Here, statistical analysis indicates that 1 satlefactory intercept 
ratio can be obtained if the observations are continued over a suifi- 
clently iong period of time. However, this means that the period 
of observation must be long in comparison with the radar revolution 
period 7, which Is in itself long. Thus, satisfactory intercept ef- 
fect:veness cernot be expected in = perlod of time less than a half- 
hour, and this iz not a desirable operating region. 

7, comparable with #,, (Section 6.4.2.1) 

This is the most satisfactory of all the regions discussed. Fer. 
formance is predictable without resorting to statistical considera- 
tions. The Intercept ratio is always a/D and the maximum 
interception time not greater than 7. 

T, comparadle wits. T, (Sections 6.2.3, 6.2.4, and 6.4.2.2) 

Although the complications of synchronism occur hers, statistical 
conelderations show that this ia a desirable operating region, because 
7, and T, are both smali, and the time of observation therefore can 
be relatively amail and still remain large with sespect to 7, and 7, 
producing an Intercept ratlo of «/D. 

T, comparable with ¢, (Section 6.4.2.3) 

Perfect intercept effectiveness is attained in this region, and each 

pulse {2 intercepted Individually. 
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Thie Chapter is UNCLASSIFIED 


Detection and Analysis of Signals 


T. G. BIRDSALL, H. BLASBALG 


7.1 Problems of Signal Detectability 


7.1.1 Introduction 

The problem of detection of signals In the presence of ranuom nolse and 
interference is essentially a problem of deciding between two posalbilities: 
signal was present in the nolse and interference, or, only noise and inter- 
ference was present. The problem is statiscical in nature, because the nolse 
is a random process, and so the resulting theory of signa! detectability is a 
specific application of the more general statistical decision theory. As a 
theory for recelver design it differs from the usual signal-to-noise ratio ap- 
preach to design in that detectability theory designs by considering first the 
objectives of the receiver and works back. toward the design of the circuits, 
contrasted to beginning with the basic circuit design and optimising para- 
meter vaiyea to achieve optimum signal-to-nolse ratio. Because of this change 
of approach, designs based or the detectability theory can claim to be truly 
optimum. Of equal importance is the realization tha: practical, non-optimum, 
recelyers can be rated against the optimum, so that one knows how much 
could be gained by further improvement. 

It, was in connection with the development of radar that the modern theory 
of signal detection had its beginning. North's paper is a notable carly work 
(Reference 1). North uses the ideas of probability of detecticn and false 
alarm probability in defining optimum detection, and he discusses the opt! 
mization of i-f filter transfer function, detector characteristic, and integration 
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for a radar system. Slegert was the first to propose the use of the statistical 
theory concerning hypothesis testing to selve the problem of optimum detec- 
tion of threshold radar signais. A brief account of this “Theory of the Ideal 
Observer” appears in Threshold Signals by Lawson and Uhienbeck (Refer- 
ence é), 

The theory of target detection by pulsed radar received very thorough 
treetrnent by Marcum in an unpublished Rand Corporsiion report (Refer- 
ence 3), Both optimum and commonly used non-optimum types of systems 
are considered. Formulas and curvea are given for false alarm probability 
and probability of detection. This report is still a good reference on signal 
detection In conventional radar. Severe! other treatments of the radar preb- 
lem have appeared. The paper by Slattery (Reference 4) treats the problem 
of detection of e single pulse: dissertations by Hanse and Schwarts (Refer- 
ences § and 6) treaved pnases cf the radar problem. The radar problem has 
also been treated by Middleton (References 7 and 8). This treatment fea- 
tures an even greater emphasis on statistical theory. The application of 
sequential analysis was suggested for che first time in the literature. 

Woodward and Davies, also working Initially on radar development, mde 
the first steps toward a general theory of signal detection (References 9-12). 
They introduce the idea of e receiver having a posteriori probability (i.e., 
an estimate of the probability thet a signal was sent) as its output rather 
than a yes-no answer to the question of whether or not a signal was sent. 
They show that such a receiver gives a maximum amount of information. 
They treat the case of an arbitrary eignal known exactly or known except 
for carrier phase with no more difficulty than other authors have had with a 
sine-wave or pulse signal. The nolse !e assumed to be white and bandlinilied. 

The moat important advance toward a general theory of detection was 
made by Grenander (Reference 13) in his paper on “Stochastic Processes 
and Statistical Inference.” This paper is mathematicai, and makea no men- 
tlon of noise or the detection of signals. The probiems treated, however, are 
precisely those of detecting signals in noise and estimating signal parameters 
in the presence of nolse. The method for handling arbitrary noise and signals 
is developed, and a few examples are worked out using gaussian nolse. 

While the concepts in this theory can be expressed quite simply, complete 
description of an optimum receiver and evaluation of probability of detec- 
tion and false slarm probaolilty involves much numerical work in all but the 
very simplest cases. The work so far reported on efforts toward determina- 
tion of optimum receivers and their performance fails In three classes uccurd- 
ing to the manner in which the simplification is made. 

in the first case, the noise was assumed gaussian, but with arbitrary spec- 
trum {or autocorrelation). Only two signal ensembles have been studied in 
Cetall. Reich and Swerling (Reference 14) studied the case of an amplitude 
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modulated signsi known except for cerrier phase. In References 15 and 16 
Davis reported or: the case of « signal known exactiv. Even for these very 
simple cases the solutions are quite invelved. 

If secondly, the noise {s further restricted to the white bandiimited gaus- 
sien nolse, the formulas simplify very greatly. This case is studied in detail 
in Electronic Defense Group Technical Report No. 13 (Reforence 17). The 
report includes e general introduction to the problem of signal detectebility, 
and specific derivations of the optimuza receiver and probabilities of detec- 
tlon and false alarm for a number of cases of practical {nterest. The special 
cases which sre presented were chosen from the simpleat problems in signal 
detection which closely represent practical situs, '. .4. 

A third approach was use. by Middieton (Referen.. i8 and 19). The 
method he chose for simplifying the problem was to expam ‘he logarithm of 
the likelihood ratio in a power series in terms of sample valu. and thn to 
ksep only firet degree terms if they are not zero, or second degree .1...4, ff 
the first degree terms vanish. Middleton calls the first care the coherent and 
the second the incoherent case. Then the coherent case is reduced to the 
study of a linear form and the !ncoherent case to the study of a quadratic 
form, both of which, in the mathematical area, have been studied extensively. 
This approximation involves no error for the caze of a signal known exactly 
and is 3 yood approximation for the case of the signal known except for 
phase. For other cases, it is difficult to say how good the approximation will 
be. 

The paper by Urkowltz (Reference 20) points up a problem in designing 
filters for optimum detection, While this paper is concerned with maximising; 
signa!-to-nolse ratio, the same problem arises if a statistical approech is used 
(References 15 and 17). 


7.1.2 Fundamental Detection Problem, Theory 

The fundamental, or simplest, detection problem involves a decision be- 
tween two alternatives. The decision is based on the receiver Input that occurs 
during a preselected finite time, and takes into account the parnmeters of 
the noise, the various signals that might occur and their relative probabilitica 
of occurrence, and now the nolse and signai combine. The receiver (physic- 
ally, this includes both hardware and/or human belng) then processes the 
receiver input and yields a binary output, for one alternative and against the 
other. In the usual detection problem the two alternatives are ‘There was 2 
signal present,” and ‘There was only background nolse present at the re- 
ceiver Input.” In binary communications such as frequency shift keying 
(FSK), the two alternatives are “The incoming signal was at the Mark 
frequency” and “The incoming signal was at the Space frequency.” 

The prob‘em, called the fundamental problem, has two assumptions thet 
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make it simple: (1) It is assumed that the two alternative Gecisions ror- 
respond to two mutually exclusive end exhaustive classes of causes, and (2) 
that except for a recalcitrant set whose probability is zoro, the probability of 
occurrence, or the probability density of occurrence, of each possibie re- 
ceiver input is known for each of the two classes of causes. Repeating in a 
little more depth, the first assumption is that, corresponding to the two pos- 
sible alternative decisions to be made, there are two possihle classes of 
causes, or elmply “‘causes’’, This {s really the origin of the problera, since it 
ataumes that one is Interested in a binary decision because there were indeed 
two causes to be distinguished from each other. In order to make any sen- 
sible decision a given cause (such eas a specific signal) must beiong to one 
class or the other, and not jump back and forth, hence “exclusive”. The 
real assumption is the word “exhaustive”, which means that no other cause 
than thoee listed in the two clesses can occur. Thus, If one ‘s trying to detect 
WWYV of 10 megacycles in the presence of nolse, with the alternative cause 
being just noise alone~—WWYV off the air-—then the assumption is that no 
other transmission is operating on 10 megacycles for that period. The second 
assumption means that the situation has to be well enough specified and the 
random parts of the causes be sufficiently stable to allow apeciic assignment 
of probabilities. The actual mechanics of determining these probabilities |s a 
nsjor pari in the soiution of any apecific problem. 

For the moment assume that one has a specific detection problem for 
which the above assumptions are eatisfied: the only two possible causes of the 
receiver Input are noize “lone, signified by 1’, and signal plus nolse, signified 
by SN; and that for each pocsible receiver Input x(¢) the probability den- 
sitles are known. Specifically, the function fy(x(#)) is the probability density 
that x(#) will be the receiver Input when the cause is noise alone, and the 
function fey(x(#)) is the probability density that x(¢) will be the receiver 
input when the cause is signal p!us nolse. The two alternative decisions that 
the receiver (the deciaion device) can make are to sound the alarm A that a 
signal was present, or to conclude that no signal was present, no A or B. 
When the actual cause is noise alone, these decisions correspond to a false 
alarm, and a correct no-alarm respectively. The probabilities of these occur- 
rences (cona:tional to the cause being aolse alcne) sre: 


Conditional probability of false slarm = ?y ') 
=f in(x(#)) de (7-1) 


4 


Conditlonal probability of correct-no = 1! — Py(A) 
where the Integral is taken over all x(¢) {cr which the decision device reaches 
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the decision A. When the actual cause of the Inpct ia signa! and nolsc, the 
two decisions correspond to a hit und a mise, and the probabilities of these 
vecurrences (conditional to the cause being signal and nolse) are: 


Conditional probability of detection == Pey(A) 
mf faw(x(t)) dx ( 3) 
4 


Conditional probability of a miss == 1 -—= Pgw(A) 


The performance of any decié!on device operating in this specific detection 
proble:zn can be summazized by one of the numbers In Eq (7-1) and elther 
the hit or miss probability in Eq (7-2). 

If these two nusabers are plotted against cach other on graph paper, the 
point is called the “receiver operating point”, and the total of atl such polnta 
for all decision devicea make up the “receiver operating region”. The upper 
boundary of this region fs called the optimum “receiver operating character- 
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Frovsz 7-1 The Detection ROC 


istic” (ROC) for this specific problem. Theso are sketched in Figure 7-1. 
Severai other characteristics about the detectics: ROC should be noted before 
nroceeding. The diagonal inside the recelver operating region corresponds to 
equal conditional probabilities of false alarm and detection, that is the 
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probability of an alarm iz independent of the cause. This is calied chance 
performance, becauee a decision based on a random selector and independent 
of the receiver Input could achieve this type of performance. The optimum 
ROC has been shown as a smooth curve, with decreasing (nonincreasing) 
slope, and the operating region as a simple convex region containing the 
chance diagotial. Both of these characteristics cer be proved to hold in all 
problems under very general assumptions, but the proof must be omitted 
here. 

For a moment let us concentrate on the upper boundary and why it is 
called optimum. Choose any operating point in the region that fs not on the 
upper boundary. Then the operating point on the upper boundary directly 
above it will have the same probabilities when the receiver input is due to 
noise, but will have a higher probability of detection; in fact, it has the 
highest probability of detection that can be achieved at the specific probablil- 
ity cf false alarm. In the same manner, consider the operating noint on the 
upper boundary that is horizontally to the left of the original operating point. 
It has the same detection and miss probabilities, but lower false alerm prob- 
ability and higher correct-no probability. Both of these upper boundary 
operating points are better (et least, not worse) than the origina! interior 
operating point under any definition of “better” where correct responses are 
advantageous und errors are disadvantageous. Under certain types of opera- 
tion where bluffing is introduced this may not be true, but if such !ntentional- 
mistake operation {s ruled out, then any definitics of optimum will take on 
its maximum on this upper boundary. Any receiver which could be adjusted 
to operate everywhere along this curve would truly be the optimum receiver 
for this detection situation. 

As throughout this discussion of detection theory, no attempt will be made 
to give proof of the eaixtence of this optimum receiver, but a short Intuitive 
discussion that parallels the proof will be given. If one considers all decision 
processes, all receivers, that have the same conditional probability Py{A), 
one is considering all ways of dividing the receiver inputs x(¢) into two seta. 
The first set wili lead to an alarm A and the second set will nci, with the 
restriction that exactly enough receiver inputs x(¢) are in the alarm set so 
that the false alarm probability is the desired value 


Py(A) = / fu(2%(’)) dx = preselected vatue. (7-8) 
A 
The corresponding detection probability is 


Pay(A) = f fuv(a(¢)) de = | a fale) dx (7-4) 


* 
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Since the upper boundary has the maximum value of Pgy(A) that can be 
obtained for the preselected value of Py(A), it must correspond te a selec- 
tlon of alarm set A for which the bracketed function in th'a last integral is as 
large as possible, The bracketed function is a function of the receiver input, 
and is called the “Ilkelihood ratio’’ 


7 _| fax (x(8)) ; 
ay =| eee os 


The optimum receiver, the likelihood ratio recelver, processes each input in 
such a way that the recelver output Is the Ilkelihocd ratio of the Input wave- 
form—one number out for each observed waveform in. The final decision 
mechanism of the receiver is a comparitor unit that gives an alarm if the 
“kelihood ratio is above a cut level, and no alarm {f the lkellhood ratio is 
below the cut level. If the probability of the likelihood ratio being precisely 
st the cut level is not zero, then an additional mechanism must be introduced 
to apportion these occurrences between alarms and non-alarms as is opera- 
tionally desired. For a specific Py(A) the cut level is adjusted to ylela that 
probability of alarms when the Input is caused by nolse alone, and the re- 
sulting probability of detection will be maximized. 

Since the function of the likelihood ratio receiver is that it partitions the 
input waveforms according to high and low likelihood ratio parts, any device 
whose output is a monotone function of the likelhood ratio would perform 
an identical operation If the cut levels are set to corresponding values. 

One advantage of the fundamental detection problem is that problems 
formulated in terms of maximizing some specific quantity, such as the ex- 
pected monetary return from a decision, separate into two parts. The opti- 
mum processing of the receiver input always turns out to be a monotone 
function of likelihocd ratio, because one always does best by operating on 
she upper boundary of the ROC region. The specific quantity, or criterion, 
to be maximized merely specifies which point on the upper boundary to use. 
Some of the common criteria and the corresponding operating points are 
Hsted below. 

1, The Weighted Combination Criterion: that criterion that maximizes 
Pun (A) —wPy(A). 
Solution: w is the Ikellhood ratio cutoff, say there is signal preser:t if 
$(x) So. 
a. The Neymen-Pearson Criterion: That criterion such that (1) Py(A) SA 
with maximum Pgy(4) over all criterion satisfying (1). 
Solution: The lkelihood ratio cutoff 8 set such that Py(A) = &. 
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3. Selgert’s Ideal Observer: That criterivn that minimizes total error. 
Solution: Likelihood ratio cutoff = P(N)/P(SN), tho ratio of a priori 
probabilities. 

4. Expected Value Observer: That criterion that maximizes the total ex- 
pected value, where ths individual values are: Vn, the value of 
detection; Vy, the value of a miss; V¢, the value of peace and 
quiet; Vx, the value of a false alarra. (It is assumed that these 
latter two are less than the former two.) 

P(N) VorVep 
P(SN) Vo~~-V 
5. Minimum Risk Criterion: Let Vp—-q = ry, the risk when N is the cause, 
and leat Vu--Vp = rgy, the risk when SN is the cause. Mini- 
mize the average risk, R == 7(SN’) rey -+- P(N) ry. 

Solution: Likelthood ratio cutoff = NE 

Information Observer: That criterion that maximizes the reduction In 

Uncertainty (Shannon Sense) as to whether a signal was sent 
or not. 

Solution: The cutoff 8 is the solution to the equation 

ein P(N) = log Pais) (N) — log Pai (N) 
~  P(SN) log Para) (SN) — log Pia) (SN) 
where B means not A. 

7, Maximum a posteriori Probability: Not a criterion, but the best eatimate 
of the probability that « signal plus nolse wae the process after 
the observation <(¢). 


Solution: Likelihood ratio cutoff = 


6 


ASK) ax (zx) P(SN) 
(ON) = Tay PSN) FT PUN) 


To summarize the theory of the fundamenta! detection problem: all deci- 
sion devices can be evaluated by considering the resulting operating point or 
operating curve on the ROC; the optimum decision devices are based on 
likelihood ratio, and Gperate on the upper boundary of the operating region 
on the ROC; specific operating points on the optimum operating characteris- 
tic are determined by specific operating criterion. 


7.1.3 Fundamental Detectlon Problem, Applications 

The essence of the theory is that the designer is assumed to know so much 
about the environment and the signals that are to be detected that he can 
actually specify how frequently various waveforms will occur. This is all 
wrapped up in the assumption that the probability densities fy(x(¢#)) and 
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fan (x(t)) are known. By assuming varying degrees of uncertainty, or ran- 
domness, in the specification of the signals, and assuming various types cf 
nolse, the collection of solutions for special cases has growin over the paat 
several years. If one desires specific results, he should look through the issues 
ef the Transactions of the Professional Group on information Theory of the 
IRE, and the technical reports cf laboratories working In this area. The 
general resuits are briefy summarized here. 

The Hkelilhood ratio recelvers fall into two categories. Those in the first 
category look remarkably like conventional receivers. Most of the pulse racar 
probiems fall into this category. The reason for this is twofold: the aasump- 
tion of stationary gaussian noise which is roughly white ove: the frequencies 
of interest coupied with a tairiy well specified eignal means that the logarithm 
of the likelihood ratio is proportional tc the cross-correlation of the return 
and the signal, or some average of this cross-correlation over r-f phase, time 
of return, etc.; for pulse or other short duration local-in-frequency signals, the 
cross-correlation can be mechanized by passive filtering, and the averaging 
accomplished by video filters, CRT * . ve: persistence, cr similar common 
methods, Receivers In the second categ..rv look ilke special purpose digital 
computers. These result wher the iuxnuis or the nolse is of a tnore exotic 
(realistic?) type than for the first category. 

The efficiency of the lkelihood rato receivers drops as lecs 13 known about 
the signal, and parsmeters are assumed to be random variables. This toss In 
efficiency is most pronounced at low energy levels, and usually is negiigible 
at very high energy levels. By studying a series of such special cases where 
less and lees is assumed known about the signal, one can gain a theoretical 
insight as to the importance or unimportance of knowledge of the various 
signai parameters. Such a general insight may be the most useful application 
of the theory, especially when the actua! physical problem is too rough ‘or 
direct soluticn, and the simplifying assumptions necessery to make the 
sroblem solvable were so strong that the resulting “ideal” recelver would fail 
to operaie in the physical environment. 

When situations are being studied in which the signal can be specified to a 
high degree of certainty, and the interference can be specified accurately, the 
direct application of the statistical analysis may disclose new equipment tech- 
niques that can be used to construct highly efficient receivers. In general, 
however, such a mathematical analysis can yield only guidelines, and some 
degree of structuring and ordering to the complex physical problem of cotl- 
mum design. 


7.1.4 Other Detection Probiems 
Two other areas in detection theory must be mentioned. These are the 
multiple decision problem, and sequential detection. 
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In theory, the multiple decision problem, deciding which of a specified 
number of mutually exclusive end exhaustive causes was the true cause of an 
observation, Is net much more difficult than the special case of two causes 
discussed 23 the fundamental problem. When there were two causes and two 
alternative reaponses, there were four combinations of these. However, only 
two “relevant” prowabilities were considered, Psy(A) for detection and 
Py(A) for false alarm, since tle other two can be determined from these. The 
relation between these two formed an ROC plot, and all criteria for “beat” 
fell on one optinum curve. When one has » possible causes and » possible 
responses, there are n® combinations and these reuuce to only #?-1 relevant 
probabilitics. Either some special definition of “best” is assumed, such as 
least-squared-error, or all errora are equally bad, {n order to simplify the 
process!ng of the observation required of the receiver, or the resulting ferm 
of the recelver {s » or #-1 parallel processors feeding into a comparitor device 
to arrive at the final decision. Thus, the essential simplicity of the fundamen- 
tal problem, one input, one output, Is immediatcly lost in the step from two 
causes to three. This Increases the tendency of the recelvers to be specified 
as special purpose digital computers. 

Sequential analysis (References 21 and 22) cun be applied tc both the 
two-cause and the multiple-cause problems. The idea is that for the two- 
cause problem, three alternative responses can bo made, the new responce 
being a non-terminal decision to observe further. This Js ideally sulted for 
situations in which the signal continues in time, and for which a saving ir. 
time necessary to veach a certain quality of decision is good. In such situa- 
tions the actual duration of observation va‘.es, but often averages only at 
half the value necessary for a preselected observation :lme. Occasional very 
long observations aleo occur. 

These extensions uf decisior theory have been touched here to remind the 
reader of, or alert him to, thelr existence. This is not meant to slight in any 
way the extensive work done in this area. Aimost all of this, as well as the 
work on the fundamenia! problem, {is available In the unclassified literature. 
The intent here has been to paint the fleld of detection with a very board 
brush to give the reader some fee! for the field. 


7.2 Methods of Signal Analysia 

The main purpose of this section is to discuss briefly those methods of 
mathematical signal analysis that have been used in the past in various 
fields, Including electromagnetic (EM) reconnaissance. The method: dis- 
cussed can be Instrumented, although In most cases a human observer is 
required for interpreting the results of measurement. By using different 
physical apparatus the observer can obtain a different and sometimes con- 
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Gensed representation of an analyzed signal. Certain significant signa! proper- 
ties may appear in practice more clearly in one representation than in another, 
It is not the purpose of this section to discuss the possibility of integrating 
these methods into the practical reallzstion of an unattended signal analyzer 
system. 


7.4.1. Decomposition of Signal Class 
The signal at the input to the receiver will have the generalized functional 
form, 
e(t) = A(t) cos O(8) (7-6) 


where A (#) == amp!itude modulation (AM) function 
6 (¢) == angle modulation function 
In Eq (7-6) when A(#) = A, = constant and 


t 
9(8) = 6)(t) = ae f [1 + Fy (t)] fede 


tg 


» : 6 a] a 
one an! ioe + = + fo | F, (¢) af | (7-7) 
4, 


we have pure frequency modulation (FM). When 
(8) = (1) = In| ft + GE + CHC | (+3) 


we have phase modulation (PM). In Eq (7-6), (7-7) and (7-8), 


F, (¢) =FM intelligence 
F, (¢) =PM Intelligence 
f, szcarrier frequency 


7 = constant phase angle 
¥ 


= proportionality constant 
Ao == amplitude of carrier 
A(t) = AM functlon 


When, 


9o 
1) =| heb +7, (7-9) 
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we have, pure AM. A device haying a Hnear frequency response will give 
an output 


BE, (t) =f, | F(t) dt (7-10) 


be 
when FM Is fed into it and, when PM !{s fed into {t we have, 
E, (¢) == MF (¢; (7-11) 


Hence, this device w!ll respond to both FM and PM. However, ia order to 
recover the exact modulation in FM the output in Eq (7-10) muat be diffez- 
entiated. This requires a filter whose spectrum increases iinearly with fre- 
quency. Fer the purpose of EM reconnalasance we can group FM and PM 
into one classification and call it angle modulation. The most general type 
of received signal wili hava che functicnal form, 


e(t) = A(t) cos {| fog + 2. oe fit) \} (7-42) 


where for FM 
¢ 
I(t) = fe | F(t) dt (7-13) 
ty 
and for PM 
cz MF(t) 


Eq (7-12) is the generalized mathematical representation of © transmit*sd 
signal. If we negiect disturbances In the communications link between trans- 
miiter and intercept receiver, then Eq (7-12) is the generalized mathematical 
form of the signal at the antenna Input. In Eq (7-12) ft {s seen that the 
received signal can be represented symbolically by a four-dimensional point, 


et) = | ACE), for Bo, 18) | (7-14) 


For completeness, we should also Include the space time coordinates of the 
source relative to the receiver as, 
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r= R,6,¢,7T (7215) 


(7 is the time at which signal is received.) All the information that can be 
obtained in EM reconnaiseance from a single observation can be represented 
by an elght-dimensional perameter puint. That iy, there sre eignt domains 
from which Information can be extracted. lr EM reconnaissance, the arbi- 
trary carrier phaso angle @, !s generally of no interest. Hence, we have a 
seven-dimensiona: parameter point. 


ent = JAC) SoS) | (7-16) 


whici represents all the information at the tranemitter which ideally exists 
at the receiver. Physical and practical constraints at the receiver permit only 
a portion of the information to be extracted. However, we emphasize again 
that the detailed time structure of each intercept is of no Interest in EM re- 
connaissance unless a pricri information exists which justifies such an analy- 
als, 

The function of the EM reconnaissance observation is to operate on ¢ ,-(¢) 
in such a way 80 as to extract the required information In an optimum man- 
ner relative to a set of physical and practical constraints Imposed on the 
observation and relative to the a priori information that Is available to the 
observer. 

Fur the purpose of our discussion, [ is assumed constant. We ale s“rome 
that the revelver {s tuned to some fixed carrier frequency f, and that it hoe the 
ability to reproduce the modulation functions A(#) and /(#). Thus, for tne 
purpose of this discussion, we postulate that /, avd T are fixed points in our 
space and that observationa must be madé first to determine if thers is signal 
present at the fixed coordinste, (/,,.7) and if so what the properties of the 
intercept are. 

The methods of detecting the presence or absence of e carrier are discussed 
in the earlier portion of this chapter. This leaves the problem of measuring the 
significant properties of the modulation signals. However, a signs. snalyzer 
system is not entirely independent of its receaver nor is the receiver fm Jepend- 
ent of the signal analyzer, For example, the receiver nolse and bandwidth put 
paysica!l Hmitations on the statistical uncertainties with which measirements 
cen be made. Furthermore, {{ the receiver has sufficient freauency resolution 
so that the probability of more than one signa) in a band is very small then 
there is no need for muttiple signal separation on a video basis by the an- 
alyzer, Also, unity probability of intercept by the receiver doe iot mean 
that there is unity probability of analysis by the analyzer. 
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We assume that the presence of a carcler has been detected at a given 
frequency /, and at a given coordinate of space time, (1,7). The next mosi 
logical operation is to study the properties of the envelope und of the angle 
modulation. In particular, we wauld like to know if there exists envelope 
modulation, or FM or perheps both, j.¢. we wish to know if, 


A (#) = Ag = & constant 
== a(#) == time varying function (7-17) 


for the case of AM and for the case of angle modulation 


f (#) = fo = constant 
' == F (¢) = time varying function (7-18) 


In order to extract this information, we must be able to define one or more 
physical operators which yield « set of numbers from which the truth of the 
statements cun be deduced. That is we define two operators 2, on A(t) and 
R; on {(#) which yield the following results: 


Ra[A(t)] = Aa (7-19) 
RA[{(t)] = ay (7-20) 


Then, the results of measuring the presence or absence of AM or FM mod- 
ulation can be expressed as: 


Giada H(Aa)] = 1 [Aad 7045} 
=O (Aa @1{Aa) (7-21) 


and 


GIAy F(A} = 1 ECAP EZ (Ay)) 


O [Ay @2 (Ay) ] (7-22) 


rq (7-21) states that AM moduiation is present if the results of the operator 
Ra is an element of the Interval / (A,) and AM is not present if this Is not 
the case, A similar interpretation is given to Eq (7-22). We assume that these 
measurements are simultancous. All the possible results of measurement are 
defined by a two-digit binary number. For example, the binary number 10 
implies the presence of AM and the absence of FM while 01 implies the 
presence of FM and absence of AM. Similarly the binary number 11 implies | 
the presence of both AM and FM whil 00 ‘mpties the absence of both. 


i i 
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If it is established that envelope or angie modulation (or Doth) is present 
then it {s necessary to decompose the clasa of envelope modulated and angle 
modulated algnals further by defining more operators. However, from this 
point on the operations on the intelligence signels A(¢) or F(#) can be the 
same. This should be clear, since both represent the intelligence that was 
transmitted, i.e. the aame intelligence can be transmitted by vary/ng either 
the frequency or envelope of the carrier. In EM reconnaissance we establish 
which parameter of the carrier Is modulated by the operators Ry, R,;. How- 
ever, beyond this point we may operate on the intelligence received. The 
operations should be independent of the type of r-f carrier modulation ured. 

Let us assume thet It has been established that envelone modulation 4 (+) 
is present. The next appropriate queetion le whether the modulation is pulsed 
or c-w. We can express this measurement operationally by, 


R,A (#) — Ai (7-25) 
The result of measurement as, 


Xa (ai)f (Ar) 1 {Ar €7(A;) ] 


O (Ar #7(Ax)] (7-24) 


Eq (724) states that if the result of an opesation on the signal A (¢) yields 
A; belonging to the Interval J (A;) then c-w {5 present and if the result is not 
a member of / (A,), tren c-w is not present or a pulse algnail is implied. The 
operator R, can be described as a measurement of duty ratio. If it Is estab- 
listied that the carrier is pulsed, then {t appears reasonable tu decompose the 
Ciass of pulse signals Into subclasses such as PCM, PAM, PWM, PPM ete. 
All of these properties must be defined precisely by a physical measurement 
whose operational representation has the seme functional form as Eq (7-23) 
and (7-24), 

Fach sudclass of algnals can be decomposed. at least In principle, until 
there remains only one member {n each claas. Once this has been accomplished 
the structural information of all the possible intercepts is known. The very 
large number of signals encountered in EM reconnalasance, make It {mprac- 
tical to store all the detailed characteristics of the signalz. In rnust cases even 
if this information were available an observer could not hope to assign a dis- 
tinct meaningful event or cause to each algnal received. Relatively broad 
categories are a significant starting polat. The problem of deSining other oper- 
ators with respect to a subclass of signals is simpler than defining them on the 
eniire class of signals. Although the operstions are discussed sequentially, 
they can be applied simultaneously. The important preblem Is to establish 
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a set of measurements or observables that are meaningful with respect to the 
hypotheses that are to be tested and with respect to the a priori information 
available. In the next section we examine some physics] operstions which de- 
fine the signal classes discussed. 


7.2.2 Low-Order Statistical Signal Analysis 
In terms of the genera! ideas presented, we can define a “low-order” euto- 
matic statistical analyzer system for order-of-battle EM reconnalssance. The 





Fiovuae 7-2 Functional Block Diagram of Low-Order Avtomatic Signal Analyser 


reader may visualize un actual equipment such as thet shown i Figure 7-2. 
For low-order anaiysls it is casential to define few but significant subsets into 
which the class of all signals can be decomposed. It Is Important to choose a 
physical observable which {s significant for the purpose of realizing this type 
of classification, There is no unique way, in the mathematical sense, of 
making this choice. The observer based on 2 priori information avaliable to 
him must decide. The physical process of making the measurement {s, In 
principle, capable of a mathematical definition, 

Let us illustrate thia important point with an example. Consider the prob- 
lem of detecting a missile in space by means of & pulsed radar, The fact that 
a measurement at the receiver indicating a signal return implies a missile, Is 
a definition established a priori by the observer based on information evail- 
abie to him. However, the problem of recognizing the presence or absence 
of a pulse signal in the nolse involves a physical measurement which can be 
formulated mathematically. An optimum and automatic method of per- 
forming the measurement and of deciding whether signal is present in the 
noise or not can be realized. 
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constunt amplitude, widti and prf, is a physical measuremen: and hence 
capable cf mathematical definition. However, the cunclusion that the aource 
of the signal is a radar {s not capable of mathematical definition. This comes 
about as a result o! a correspondence established by the observer between 
this type of signal and a given radar syetem. Another observer having dif- 
ferent a oriori knowledge can concelvably assign te ihe origin of this signal 
another source based on the same data. We therefore conclude that in EM 
reconnaissance as well as in eli physical measurements there are essentially 
two sets of operations, une of which Is chosen sc as to relate a set of proper: 
ties tc certaln events or situations while the other deals with the best way of 
, processing the measured dates, Ii order to rrake correct decisions. 

We now proceed to define a physical observable which contains informa- 
tion on modulation properties. Let x == {x} § = 1, 2,..., M be a sequence 
of positive samples that are measured on some property of a signal. For 
example, the sequence {x,} could represent a messurement cf the samplc 
values of a c-w-AM carrier, or the pulsewidth intervals of a pulsed carrier, 
or the time becween pulses of a puised carrier, etc. We define the new se- 
quence of (N -- 1) samples, 
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Similarly, a measurement indicating that # recelved intercept is pulsed of 
%,& Oforalid; 4=1,2,...,M. 
The sequence (3) has the following desirable properties whetier the (x, 
are statistically independent er not: 
8) vo F (x) =F (2x) ; 
(y le Independent of a scale factor on 


1 N 
E =Iiim ——~ = 0 
(¥) No 9 N 2! 


(The average value of ¥ is zero) 


c) ~lSxvSl for0S«x 
(The semi-infinite range of x has been compressed to the 
interval (—1,1).) 
d) For the case where x is normal and the (x,} are pairwise independ- 
ent, the probability density function of 
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f(r) = roemsagresiicnaMecacteaneeig ee (7-26) 
R(0) R(r)y? [R(0) R 
eed Rate +| om | 


i af welt 


is normal! with mean zero and unit standard deviation. 
R (0) = o* = mean square value of variable x 
R (+) = autocorrelation function of x (¢) 
7 = t; — ty =: sampling period. 
# == mean value of x 
Therufore, 


o = * 2 _ a & 
m == ——- = TMs percent modulation. (7-27) 


The value at which x (+r) Is evaluated depends on the sample spacing. 
When R (r)== 0, (r > 0) the sampling is independent. Then, 


y (7-28) 


‘=* 
m 


Thus, the parameter of the distribution P (y) is the rms percent moduia- 
tion mm and the statistic y has the desirable properties for studying the medu- 
lation characteristics. For the case where the statistics of x are not gaussian 
and pairwise independent, the measurement cf y is still significant except 
that the analytical difficulties in calculaiion are insurmountable. When all 
sampies have the same values the elements of {5,} are all zero, as required. 
This etatistic yields some information about the order of the samples. Sign 
lnformation in (5;} could also be useful for recognizing monstonic type 
modulations such as e VT fuse approaching the Intercept receiver, fading 
characteristics, etc. 

This statistic can be Incorporated inte a low-order analyzer system to 
indicate the presence or absence of a given type of modulation. For example, 
if (x,} represents the pulsewidth intervals of a pulse signal, then {3} 
represents the pulsewidth to pulsewidth fluctuations. A similar measure- 
ment on amplitude will indicate if there [s amplitude modulation present. 
If the {¥;} are computed on pulsewidth, pulse amplitude and pulse repet!- 
tlon period and if each {»:} is ther. quantized to two levels then it Is 
possible to detect eight combinations uf modulations. The more levels Into 
which the {+} are quantized tle more compiex the system. 
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7.2.3 Signal Analysis By Statiatics] Methods 

The signal intercepts at the output of « reconnaissance receiver can best 
be described by statistical methods. Recelver noise (plus other non-removable 
disturbance) even when combined with ec deterministic signal such as a 
aine-wave of known amplitude, freauency and phase, yleld an output function 
which can only be described statistically. Another inportent fact ie that in- 
formation generating processes are inherently statistical, For example, the 
basic sounds In speech have sertain probabilities of occuring with respect to 
other sounds. In principle, all of the probabilities can be cbtained by per- 
forming a sufficiently large number of experiments. 

Wher a statistical process {s at work, all of the information about the 
process is contained In an infinite number of probability distributions of all 
orders, If X(#) is a typical member cf an ensemble of random variables 
then the mth order distribution functlor:, describing the process is given by 
(Reference 2): 


FER sy bay ej ee Kany bm) oe Pel MCh) X15 ej ce | M(bm) Ba Xm] 
(7-29) 
That fs at tlie ¢=4;, we sample all of the members of the ensemble and 
choose those which take on a value less than X,. From these remaining 
members, we choose only those which take on a value less than Xy at 
é=<=ty, From the remaining members we choose only those that take on the 
value less that X, at ¢==ts, etc. The relative number that remains gives the 
probability of the joint event expressed symbolically ia Eq (7-29). 

From this brief description {t is clear that a mcasurement of any distri- 
bution of order greater than one becomes extremely cornplicated alnce the 
number of combinations cf distinct measurernients become very large. Fur- 
thermore, except for the gaussian process, where all orders of distributions 
can be obtained analytically, Jt is extremely difficult to obtain usable 
mathematical expressions for the high-order distributions. These serious limi- 
tations (both experimental anc analytical} force us to simpler methods of 
describing statistical processes. The methods are iacomplete of course, but 
are sufficient for most praciical purposes enccuntered [In communications. 

The two most important descriptions of a statistical process are the first 
order distributions {n conjunction with the power density spectrum or its 
equivalent the autocorrelation function. The first order distribution gives 
only the distribution cf sample values and contains such important physical 
observables as the mean value (or d-c value) of the function and the mean- 
square value (or the power) contained in a signal. The power density gives 
the frequency distribution of the power In the signa!, The autocorrelation 
function is the time equivalent of the power density spectrum. These func- 
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tions represent a specific statistic of the second order distribution and In 
general do tot completely specify the second order distribution. From a 
practical signal analysia polnt of view it is convenient to look at the same 
thing in two different ways and hence measurements of the power spectrum 
and autocorrelation function might be desirable. Certain signal properties 
might also appear more readily on one of the representations. 

There are two basic assumptions about the class of signais which must 
be made clear in order to be able to apply the statistical theorles to physical 
problems, Fortunately, these assumptions are satisfied reasonably well foz 
the class of alenals which we encounter. First, we assume that the statistical 
processes we dea! with are stationary. For example, the probability distribu- 
tlons of all orders rernnin invariant uader a time translation of the random 
process. The second postulate is the “ergodic hypothesis”, That is, we 
assume thet statistical averages over the members of the ensemble are 
equivalent to time averages over a typical member of the ensemble. Without 
this assumption we could not perform statistical measurements in EM 
reconnalasance since we encounter only typical members of various ensembles. 
As a consequence uf the ergodic nypothesis we can also subdivide a given 
signal into sufficiently long subsectiona each of which hus approximately the 
same statistics. (We can therefore generat. or approximate an ensemble from 
a long observation of a typicai member). It follows, that If cbservations are 
taken sufficiently far apart in time the sample values are almost statistically 
independent. 

Let AG, ,be an operato. on a typical member of a stationary ergodic 


ensemble of functions such that, 


QGx (/(e)] = AGr (¢) == } for ali é@ for which X;.,; < f(é) s3.X, 


== 0 fer ali other ¢ (7-30) 
Then, 
rT 
AMX) = him Aa(T) = lim | AGs (2) ai (7-31) 


where AA(X;,) is the theoretical probability that a sample X of f(¢#) will 
be in tha interval (X11, X;). If we quantize the entire range of f (#) into N 
intervals, then we obtain, the discrete probability density, 


| Aa(Xi) | fet, 25.0.0 
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stich that, 
N 
2 Aa(X,) = 1 (7-32) 
m | 


By the proper limi? process, we can go from the discrete density to the con- 
tinuous probability density if /(¢) hay the appropriate mathematical prop- 
erties. 

The empirical distribution which is the one measured experimentally {s 
simply the set of numbers, {\A,(7) jfz=1, 2,..., N such thet, 


EE = 


An (T) =! (7-33) 


oe 


fmt 
At a given set of defined quantization levela, the emplrical distripution will 
c mvergs to the theoreticai distribution almost always. For the case wheie 
thie function of /(#) is sampled at discrete time points we obtain for the 
probability the expression equivalent to Eq (7-3!) or, 


& 
AMX.) = Mm Ax(K) = lim - Y AGs (t)) (7-34) 
Ko K-= o jm} § 


Therefore, the measurement of the first order distribution requires quantiza- 
tion of the range of the variable, sampling (discrete or continuous) and 
counting (suinmeation or Integration), These measurements can be made by 
an on-the-spot analyzer and generally yield a signiicant amount of informa- 
tion, in particular when the shape of the distribution is preserved. The order 
of the sample vaiues is not preeerved. However, this measurement can be 
made on pulzewidth, pulse amplitude, prf and for that matter at the output 
of any Hnear or nonlinear operation. Figure 7-2 Is a block diagram of a firs: 
ordez probahility density function analyzer. 

The autocorrelation function of a stationary ergodic process is given by 
Reference 2. 


T 
Sct) aa TEI) ee aF | X(t)X(t +r) de (735) 
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where X(#)X(¢ +- +) is the ensemble average. This function which Is a 
second order statistic (for exasaple, the mean value of the second order 
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distribution) can be measured empirically although with more difficulty than 
the first order distribution. For 2 caussian process, the first order distribu- 
tion and the autocorrelation function determine all orders of probability 
distributions. 

Very often t..0 function ¥(¢) ls sempled and the autocorrelation function 
of the sequence of samples is measured. This is given by, 


N 
dh enn oT Y X(m)X(n + #) (7-36) 


N=» 00 
Figur 7-4 is a block diagram of a typical correlator. The autocorrelation 


function and the power density spectrum are Fourler transforms of each 
other. Hence, a knowledge of one implies the other. Thus, we have, 


a “+ 00 
G..(w) = +f, des(r) COB wr Gr (7-37) 
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and 
eo 
bea(t) = J Goa(w) C08 we dr (7-38) 


The empirical measurement techniques of the power dene!ty spectrum are 
weil know3. We require a filter bandwidth which is much narrower than the 
signe] bandwidth and a power measuring and averaging device at the output. 
The moasuring filter must be capable of frequency translation over the band- 
width of interest. A search receiver is a good example of a spectrum analyser. 
Of course, a bank of parallel filters distributed over the band of interest can 
also be used. 

The operators defined by correlation and spectrum analysis also make 
nense with respect to deterministic signals. We can use these operations io 
gain some insigkt as to the time structure of an Input without observing the 
entire function, It should be emphasized that autocorrelation and power- 
spectrum analysis destroy phase information. For more detailed analysis we 
can compare functions by cross-correlating them, for example, compute 


T 


torr) = Im sy | XKE +r) dt (7-39) 
om J 


If X(¢) and Y(#) are equa! then this function will reduce to the auto- 
correlation function. In fact ¢e,(7) can be used to obtain a figura of “match” 
between <(¢) and Y(¢). The cross-power denelty apectrum is the Fourier 
transform of ¢¢,(%). Both of these functions preserve phase information. 


7.2.4 Summary and Conclusions 

In this section we have formulated mathematically the observation or 
measurement problem applicable to EM reconnaissance. This formulation 
indicates that a major problem In EM reconnaissance is defining a set of 
significant meacurabie properties on the class of all signals. These measure- 
ments specify an important portion of an EM reconnaissance system and 
depend critically on a priord information. 
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We have dlecuseed briefly a variety cf physice! measurements and appera- 
tus which have proved useful in analyzing signals. The measurements are 
meaningful on both stochastic and deterministic algnala. The physical cen- 
straints inherent in these measurements sre mere or fees the same, for ex- 
ample, finite obsecvation time, finite number of parameters, finite power, 
etc. Based on the particular application some of these measurements or 
Operetions are preferable tc others. We indicated that for low-order eualysis 
airaple operators which yield the presence or absence of certain properties 
are useful. In perticuiar, an analyzer indicating the presence or abeence of 
certein types of modulation ylelds useful information. 
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This Chapter le UNCLASSIFIED 


Psychophysics in Electronic Warfare 


W. TANNER, Jit. 


&2 Introduction 

Anyone engaged in a countermeasures program will recognize at once the 
complexity of the problem before him. He Is faced with equipment which 
he must evaluate in terms of both theoretical and experimentai considera- 
tions. Conditions vary with the environment, and evaluative tecsniques 
which are satisfactory in one particular environment may be next to useless 
in another. Besides, there is the added complication of the human factor. 
The exact pesformance of « human being cannot be predicted with absolute 
certainty, and one must take into consideration the unreliability of the 
human compenent in any relatively flexible system. These problems are 
not easily solved. Indeed, In the past there has frequently been disagree- 
ment over the question of how the solutions should even be approeched. 
Should we approach the matier from the point of view of theory, carefully 
stating the problem, controlling the environment, and collecting laboratory 
data for the evaluation of countermeasures avstems? Or should we proceed 
from a practical point of view, considering as well the {irrelevant variables 
found in field tests for the evaluation of equipment under specific condi- 
tions? 

The present chapter adopts the former approach for a variety of reasons. 
The distinction between theory and practice Is sometimes more apparent 
than real for theoretical developments fiequeniiy have highly significant 
practical aspects. Such seems to be the case in the countermeasures preb- 
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lem. Evidence already gathered seema to point to the conclusion that only 
by approaching the matter from the theoretical point of view can the 
relevant reiationships between the whole system and its parts be adequately 
studied. We wish to get to the fundamental nature of the problem, uncom- 
plicated by frrelevant variables, so that we may both understand the func- 
tloning of a system and develop means for its evaluation. Such an epproach 
requires that the subject be viewed In the light of recent communication 
theory. 

Admittedly, such theory is extremely complicated and by no means easy 
to understand. It cannot necessarily be assumed to be in the genera! back- 
ground of even very well-educated men. For this reason, this chapter 
essumes no knowledge of communication theory on the part ef the reader, 
For those familiar with this area, the discusaions which follow maj scem 
overly simplified. The matter is handled in this way, however, so that eny 
inielligent reader will be able to follow the discussion once he has become 
acquainted with the fundamentals of the theory. The chapter sttempts to 
outline and explain the concepts from communication theory reievant to 
the present discussion In the hope that by thia means the reader will come 
to see the significance of these new concepts for the evaluation cf counter- 
measures Drograms. 

A strong psychophysical bias wil) be noted at once. This orientation 
results from the primary field of Interest of the auther. The psychophysical 
viewpoint, however, is not the only, nor perhaps the most important one 
made in the subsequent discussions. In the countermeasures problem, we are 
faced with the task of evaluating both men and equipment. Fundamentally, 
the task is the aame whether one or the other is evaluated in terms of the 
whole. As will be shown below, it sometimes makes no difference whether 
a component under discussion /s human or mechanical. It is the function of 
that component !n relation to the syatem as a whole which Is of primary 
significance. The reader, therefore, should keep in mind that we are dealing 
with systerma. The psychophysical matters, thouga important In them- 
selves, are also useful In Illustrating problems which have more general 
ramifications than psychophysics alone. 


&.1.1 The Basic Problem 

In sny communication or detection system, two types of general problems 
are likely to appear. The first, and most easily recognized and understood, 
i, the kind that relates to the perticular components Individually. Such 
problems may be isolated with more or leas ease and referred to particular 
specialists for solutions. Thus, the problems caused by the Individual 
human component may be referred to the psychoicgist, those of the elec- 
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tronic components to the engineer. in many Instances, however, a second 
kind of preblem eppears—theat which concerns the relation of the individual 
pert to the system ac a whole, Thus, to use an example from psychophysics, 
the inclusien of a human component in a communication or detection 
system introduces net only the problem of human Hmitations but elso the 
problem of those limitations as they are related to factors outalde the 
human being himseif, most particulariy, the iack of reiisbility of the 
human component in a flexible system. If the purpose of the equipment 
can be made specific enough, automatic equipment is perhaps better but in 
most systems that cannot be designed for a completely specific purpose, 
s human being must be included. 

The exact nature of functional structuve of this human component de- 
pends, in part, upon the way in which it is incorporated into the system. 
Human beings are extremely complex creatures, and unlike electronic 
eculpment, cannot, st least at present, be represented by a schematic 
diagram of Alters, amplifiers, differentiators, or the like. To be sure, there 
are specific tasks wherein the tie-in tu the system and the purpose are #0 
precisely specified that one fundamental schcmetic diagram of the human 
component may be used. if the task Is changed, however, or if the tie-in to 
the systern is changed, many of the paray:stere of the dlegram most nearly 
representing the human component must aisv ba changed. In some cases, It 
reay even be necessary to change the basic functions! structure represented 
{mn the diagram. 

The underlying cause of thie condition ts that the humen being is a self- 
evaluating and self-adjusting system—a fact which leads to both disad- 
vantages and advantages. On the debit side, 1 number of major problems 
occur when sn outalde observer tries tc predict the performance cf a 
hursan belng, particularly if the outside observer has difficulty estimating 
the precise environment in which the aystem {s operating. Suppose, {cr 
example, he requires that the human component handle more factors then 
ha is capable of, or demands a storage capacity on the part of the operator 
beyond the }imits of human memory. Situations like these would seriously 
affect the efficiency of the system or lead to its malfunction, slmply because 
the human being could not operate according to specifications. Thus, the 
dangers incurred with the inclusion of a human component are easy to 
visualize, 

Yet, although these difficulties of prediction are major ones and can 
seriously affect the performance of the system, they are not entirely dis- 
advantageous. On the credit side, the Incorporation of a human being into 
@ system can lead to real advantages. An intelligent component can adjust 
if the original estimate of the environment is inaccurate. He can change 
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with the situation by adjusting himself or the apparatus (or both) to fit 
the unforeseen conditions. indeed, he can sometimes perform better then 
a mechanical component. Suppose, for example, that a mechanical device 
is set to receive « signal et precisely 1000 cycles per second. If the signa: 
comes through at 1100 cycles per second, the system taila completely. A 
human being, on the other hand, can react to the unexpected entivonment. 
If there {s time, he may adjust to the new situation, manipulate his equip- 
ment, and recelve the signal st the transmitted frequency. Bile behavior 
may, in effect, change the design of the system. He may thus perform better 
than specific automatic equipment because he adds a flexibility, a means of 
adjusting to the unexpected, that is beyond the capacity of most machines. 

Because an intelligent component can make up for system deficiencies, his 
introduction can be of reai importence to the engineer. The inclusion of a 
human being mey permit certaln design decisions to be delayed until the 
system actually goes into operation: at that time the Auman operator may 
make the necezsary adjustments to the specific conditions he finds. In certain 
cases, therefore, the design need not be made too specific, for, in time, the 
human component may adjust to the actual—and perhaps unpredicted-— 
environment. He may even make the system work better than it would {f 
specific design features had been incorperated. In effect, the system can 
deilberately be made less specific so that the human component may make 
changes when more information is available upon which to bese a design 
decisicn. 

Perhaps an example will aid in clarifying thie point. It is drawn from 
the theory of signal detectability, and a number of the concepts and terms 
may weil eppear nex and unusual. Nonetheless, it {llustrates the point well, 
and the explanation will introduce the reader to some concepts that will be 
useful throughout the chapter. According to this theory, the cutoff point 
for accepting a signal (perhaps the bias on a thyratron) is optimaliy estab- 
lished on a knowledge of a number of parameters which define the particular 
environment in which the equipment is cperating—parameters which can 
vary considerably from one situation to another. Stated flatly, thess par- 
ameters are, among others the a priori probability of the signal occurring, 
the signa! energy, and the values and costs associated with posslbie alternate 
decisions, 

The way in which these variables play their roles cun perhaps be demon- 
strated by the following {llustration, which Is not technical, but which Is 
quite graphic. Suppose that at the end of a bus line frequently used late 
at night by nurses coming off the late shift at a hospital, there is a dark 
and deserted stretch of street lined with bushes and weeds. For many years, 
girls have walked along this stretch completely unmolested. Should one of 
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them haar a noise In the bushes, it would be accepted as ag signa! that a 
small animal is scampering away (the a priori probability—the probability 
before the event—ia high that that is al] it {s). The girl ie not frightened 
for {t acema that little ia to be gained by panic (value fs low), and she may 
be iaughed at (the cost is high) for running at every noise. However, sup- 
pose 1_rther that a new factor la added to the situation. One night a gir! ! 
murdered, Once this event occurs, the val:co of the parameters change. It 
is highly likely that many reperts will ~. ve in of girls running home in 
penic pursued by a molester, perhaps imaginery. What has happened? 
Because of the murder, the a priori probability, in the minds of the girls, 
of the signa! meaning “murderer” becomes high. That is, to them any 
nolse {zs likely to denote ‘murderer lurking near.” This signai is heard more 
frequently (though the noise is perhaps of only very low intensity), and 
the values and costs have changed, If the signal is accepied, as It fs Ilkely 
to be (that is, “murderer {s there’’), the girl runs because the value of such 
action (“escape with my life’) far offsets any possible cost. A change his 
occurred In the systern because of the new information (the murder) wiaiici: 
haz been introduced. 

To return to the engineering example,.the problem faced by the engineer 
in designing a system is now obvious. The parameters vary from situation 
to sitvation, just as they did In the nurse example. Therefore, ir, designing 
a fixed bias into a system, the engineer must assume an environment, or a 
set of environ-nents, which \eads him ‘o elect that specific bias. Kut at the 
same time, obviously, there are Iikely to be many environments for wiich 
his choice is a very poor approximation. One new fact, as the murder of the 
nurse, fed into the system can change the parameters or thelr values so 
markedly that the system {s totally unsuited for the environment in which 
it Is asked to operate. And, of course, the engineer has no way of knowing 
what factors may crop up to bring about such a change. He may prefer, 
therefore, io provide for an adjustable bias in ids system. 

He would like to design a system which operates initlally on the design 
engineer's beat guess of the vaiues of the relevant parameters in the environ- 
ment. During its operation, the system studies the environment, making 
new extimates of these valuez based on the Information it cellects, It con- 
tinually modifies {ts basis of operation to conform to the most recent estimates 
of the environment. Since at the present time, however, it is a difficult 
problem to design these properties into automatic devices, the engineer 
must assign some of the functions of the system to a human being, With 
present knowledge he can in no other way achieve the flexibility and 
versatility required. He asaumes, therefore, that the human component can 
introduce into the system the necessary zelf-evaluation and self-adjustment 
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| 
in e@ satisfactory manner. That assumption, however, is based on littie evi- | 
dence and much felth. Without question, the human component performs 

these functions. That he performs them satisfactorliy {s by ne means pe 
certain. 

Until quite reeantly, this whole question of humen performance had not 
been deemed sufficiently Important to justify major conaideration, mainly 
because it had not been necessary to demand thks best possible use cf human 
components in both communication and radar systems, For example, the 
relatively small amount of traffic in communication systems allowed plenty 
of bandwidth tc be assigned to Individual networks, end in radar systems, 
there has ordinariiy been sufficient time for human beings to react to signals, 
Under such conditions, it was not at al] necessary to demand optimum use 
of the human component. Recent developments, however, indicate that in 
the not-very-distant future, systems which employ human beings wil! have 
to raake much greater use of human capabilities, mainly because of reduced 
time and increased traffic in radar and communication systetns. 

Consider, for example, the radar problem. The speed of modern milsalles 
and counter-missiles {a suck that recognition and interception must occur 
in intervals of time beyond the fastest of hurran reactions. To use a com- 
monly recognized illustration, the problem of the human operator {is similar 
to that of two pilots in jet planes approaching each other while flying by 
visuai observation alone. Speed has become so great and reaction time 
requirements so stringent tha: the planes may collide before the pilots are 
even aware of any danger. To be sure, these are extreme cases in which 
the unaided human being can do nothing. In other cases where more time 
is available, the human capabilities will have to ve taken Into careful 
consideration. 

The probiem exists as well in communication systems. Traffic has in- 
creased to such an extent that extravagant assignment of bandwidth to 
individual nets fs no longer possible, The nets must sperate on narrower 
baads, a condition which entalls some serlous problema, not all of which wil! 
be immediacely apparent to the reader elnce they involve some concepts 
from information theory (they will be handled in more cetaill in Section 8.2). 
Nevertheless, the general nature of the problem may be mentioned here; 
more detailed analysis of the concepts will folicw. It Is hoped that as we 
proceed, the matter will become increasingly ciear. 

The first and meat obvious effect of the narrower bends !s the reduction 
of the information-carrying capacity of the nets. If the same rate of In- 
formation flow is to be maintained, this effect entails the need for some | 
efficient use of the assigned channels. A number of consequences come to 
mind. Suppose we assume a human being speaking through a channel, The | 
code he uses may have to be more efficiently constructed in terms of the 
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capacity of the channsl. (The word “code” is not used here in its most vaual 
meaning, Any accepted means for tranemitting information~-language, 
fiasnes of iight, dots and dashes, even tone of voice—may be classed as a 
ode.) If the human voice employing language is transmitted over a narrow 
channel, the tone of voica or the limits of high and low inflections (and this 
ia part of the code) that must be used if the message is to bo recelvad with 
snimum uncertalnty may have te be specified. Thuo, the codes must be 
cerelully designed, for we cannot efford to depend upon communication 
systems for which our expectations are unrealistic. 

More efficien: utilization of the channel capacity will, of course, increase 
the suscentibliiiy of the syaten to jamming. Jamming reduces the capacity 
of ths channel. Since the bands are smaller, less noise power will be needed 
to jam the message (though naturally it will be harder to introduce). To 
counter this susceptibility, it will be necessary to make an intelligent use 
of redundancy. This means that those elements which do not add Informa- 
tion should serve, in effect, as error-correcting elements, thus increasing the 
certainty with which the message is received. Notica, for example, the 


redundant letters in an Englis sentenc; we can reconize the words even if 


leters r omited. A wideband gives us 2 kind of wasteful redundancy— 
much more than we need. Since we will be forced to avoid this type, we 
will have to use that which remains to reduce the danger of equivocation— 
of uncertainty on the pas: of the receiver—-wh‘ch increases with the narrower 
bands. For example, detailed standard operating procedures may have tc 
be specified to fit existing conditions so that redundancy is definitely built 
into the system. 

In the future, therefore, it appears that more attention will have to be 
directed toward the problem of using the capabilities of the humen com- 
ponent more efficiently. The knowledge basic to this consideration will come 
from psychophysical experiments, probably performed within the frame- 
work of models of devolopments ao recent that thelr poteniis! has not yet 
been generally realized—stetistical decision theory and the theory of algnal 
detectability. This area of research has only a brief history. It dates pri- 
marily from Shannon’s paper on the mathematical theory of communica- 
‘ton, published in 1947, This and cther studies, as will be seen in subsequent 

‘tions, have furnished ths scheme of the basic communication system and 
certain fundamentel concepts pertinent to the present problem. Although, at 
first glance the concepts e¢em difficult (the vocabulary, in particular, ls not 
easy to master), they sre of such importance that anyone working in «a 
countermeasures program should be aware of what they imply. For despite 
its short history, the theory has already demonstrated a potentia! to furnish 
some ot the required knowledge. 

We shall begin, therefore, with a brief outline of the pertinent concepts 
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‘x Information theory and analyze the communication, radar, and counter- 
measuréa problems in terma of these concepts. Ali three problems are in- 
cluded for a Gefinice : ,ason. Before the countermeasures problem can be 
fully understood, the . .der must be thoroughly familiar with the natures 
of the target system themseives. Since the communication and radar analyses 
{llustrate problems inherent In the target systems, each {s treated at length 
before the anslysis of the countermeasures system. The communication 
problem {fs busically a recognition one. It involves two people !n a com- 
municetion game in which the message ensemble can be known in advance. 
The radar problem differs in that it also involves detection, and the message 
ensemble (the targets) cannot be as precisely known In advance. Only when 
these problems are clarified can the countermeasures proble:n be properiy 
analyzed. 

Analysis of these problems will reveal a number of areas requiring re- 
search, Some of the problems are quite specific. Thus, in the communicetion 
problem, as will be seen below, this question arises: information already 
gathered indicates that from the decoding standpoint, sequential observa- 
tion (observation over a flexible time Interval until! the observer achieves 
a level of confidence that he has recelved the message correctly) is more 
efficient than Axed time observation. Sincz shia {s true, i¢ becomes important 
to know the extent to which a humer cp.’ ..o” can act as a sequential ob- 
server. Other areas for study include those in which even basic knowledge 
is lacking; for example, the manner In which a human operator on the 
receiving end of a ccinmunication channel stores and decodes messages 
(that {s, reconstructs the transmitted message from the signal he has 
received). 

Each of the three general probiems (l.e., communications, radar, and 
countermeasures) {s stated within the theoretical framework of communi- 
cation theory and the theory of signal detectability. By establishing « 
single consistent framework it is possible to treat complex problems involving 
more than one of these systems. The framework leads to the establishment 
of those relevant measures upon which the evaluation of these complex 
systems and thelr components can be based. It js, further, the framework 
within which basic studies should be conducted for the purposes of increas- 
ing the sclentific knowledge leading to future advances in the coutiter- 
measures program. 


8.2 The Communications Problem 

Before any effective countermeasures can be taken, the fundamental 
nature of the communications system must be clearly understood and the 
problems relevant to the general area of communicetions carefully analyzed. 
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The problems of concern here are inherent in the systems themselves, a fact 
which must be kept conatantly in mind throughout the discussion. Effective 
countermeasures must therefore be based on a thorough understanding of 
the system. In this section, special problems of coding, decoding, and the 
use of redundancy will be analyzed with a view toward suggesting a number 
of areas in which further research and study are especially desirable. Since 
theze terms, however, are used in e@ very special sense, a considershle 
amount of background maierial will have to be introduced. 

The basic communications system and its important components are well 
illustrated in the block diagram upon which Shannon bered dis fundamental 
theorems, and the theorems themselves (although they are statemente of 
averages which cannot be Indiecriminately applied to realizable systems) 
ate useful in the formation of the problems. A word of warning anould 
perhaps be added here. The application of the theory dapends upon large 
samples which permit the application of statistics. It is 2 theory of averages; 
although predictiona can be made about a system on the average, the out- 
come of any individuel event cannot be predicted. For examiple: the rate 
of radioactive decay {s essentially a statistical phenomenon; the behavior 
of an individual particie cannot be predicted. In a similer fashion, in !nfor- 
mation theory, theorems are based upon a large number of messages; the 
theorems cannot furnish the basis of stating the fate of any one message In 
paerticuer, This problem causes difficulty because individual messages are 
of coacern in the application of information theory. 

Saannon’s diagram, modified caly by the addition of a feedback channel, 
ls reproduced in Figure 8-2. It is a general aystem not descriptive in detail 
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of any specific system. Nevertheless, its very generality is the basis for its 
usefulness, for it describes—abstractly—any communications system, from 
high-speed electronic devices to two {friends engaged In conversation, from 
a radio or television broadcast to a pair of Indians sending arsoke signals. 
In each case, the basic components are the same. 

There is an information source which selects a desired message from a 
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act of possivle ones, each with a provability that it wili be transmitted 
when transmission occurs. The transmitter encodes It inte a suitabis code. 
That is, it changes the message into the signal which It seads over she 
comunications chansei, any medium—« pair of wires, a band of redio fre- 
quencies, a beam of light—that can be used to transmit the signal to the 
veceivcr, The receiver accepts the received signal—the transmitted signal 
plus nolse, any addition or change (distortion or error) not intended by the 
tranamitter—and decodes it. That is, it reconstructs the meseage from the 
signal and passes !t on to the destination, the person or thiig for whom the 
message is intended. 

Perhaps an example will illustrate the fundamental nature of the ab- 
atract aystem. Consider two friends engaged in a conversation. The speaker’s 
brain fs the information source; his vocal system, the tranamittar. H!s words 
(the coded message) are transformed into varying sound pressures (the 
signal) and transmitted over the air (the channel). His friend's ear and 
auditory nerves are the receiver; his brain, the destination. Similar examples 
could be constructed from any situation in which communication is taking 
place. The general system describes them al! equally well, 

From the point of view of this section of the chapter, the most significant 
problems are thoss arising from the coding and decoding of the -nessage. 
These problems are the same whether the coding Involves language, binary 
digits, flashes of light, or current passing through « cable. 

Around the block diagram Shannon constructs 2 coding theory, statistical 
is nature, which will be useful in the discussion of coding problems, To be 
sure, his theory muct be used with care, for, as Shannon himself has neted, 
the hard cere of the theory is a branch of mathematics, a strictly deductive 
system. The theorems he presents are statements of statistical averages 
expected of communications systems exhibiting steble statistical properties. 
This means dealing with infinite series of events, all of which have th 
tame experience entering into them. The syatem is not altered by experience, 
nor does it change aa it goes along, uniess such change Is bullt into the 
system by somo gerera) statistical rule. Let us also streas again that we are 
deaiing with averages, which, like all averages, cannot be applied indis- 
criminately to particular situations. Shannon’s fundamental theorem, for 
example, assumes transmission forever. Such a principle, based upon infinite 
time, cannot be applied to a realizable, finite system unless one is weli eware 
of the dangers Jucking In statistical atatements. 

Still another difficulty has to be mentioned. The vocabulary of informa- 
tion theory is somewhat hard to master, not because the words ave difficult, 
but because they have common as well as specialized meanings. We have 
aiready noted the rather special sense In which the word code Is used here 
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to mean something much less specific than in ordinary weage. Other words 
are even more difficult to grasp; information, for example, is nos mecning, 
but rather a measure of one's freedorn of chcice when selecting a message. 
Confusion can result in one’s mind because a word like information has 
these two mesnings—one in general use, one in terms of information 
theory—both of which are needed in discussing communications, The 
reader must constantly keep in mind, therefore, how these words are being 
used. 

Nevertheless, deaplte these imitations, Shannon’s theorems are useful in 
helping to formulate the probloms and will therefors be used throughout 
this section, especially in the analysis of the problems of coding. Nc attempt 
will be made to prove these theerems. The proofs require s considerable 
amount of mathematics and are clearly beyond the acope of this chapter. 
The interested reader may consult Shannon’s work ‘tself. For the purpose 
of this chapter, It wili have to suffice to state and explain the theorems so 
that the reader may understand the concepts involved. Most pertinent to 
this discussion are the four concepts detailed beiow. 

(1) The information flow in a communication system is the same whether 
viewed from the standpoint of the transmitter or the receiver. Again the 
reader must keep in mind, both here and throughout the entire discussion, 
that information, as used here, is no; meaning, but rather a measure of one’s 
freedom of choice when ons selects a message. Perhaps the term can beat 
be explained as follows: In information theory, the word entropy is used to 
express the degree cf randomness in a situation. It {s measured logarith- 
mically and ja expr. sed in terms of the probabilities Involved. The more 
equal the probabilities, the greater the entropy. Information, then, is a 
measure of the reduction of entropy, or of uncertainty, In a communications 
system. What the theorem is eaying in effect is that the channel can reduce 
uncertainty by so much, and it does not matter from which end you iook 
at it. 

wo examples may help to illustrate this concept. Let us assume ea clianne! 
transmitting the digits 0 and 1, with each digit equally likely to be trans- 
mitted. From the transmitter’s point of view, the rate of Information flow 
is ineasured by the change In his ability io predict the recelved digit before 
he knows the symbol to be transmitted and after he knows it. From the 
receiver's end, the rate of information flow is the change In Ads ability to 
predict the symbol which is transmitted before and after the signal is 
received. In our assumed channel, the 0’s and !’s may be mapped Into two 
things each. Let us say that a 9 nay be A or B, a ! either C or D. O and ¢ 
are equaily likely to be transmitted, and the recelved digiis are A, B, C, 
and D. 
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From the transmitter’s point ef view, before knowiedge of the signal to 
be transmitted, the recelver will recelve ons of four digits, each with a 
probability of .78. With knowledge of the signal to be transmitted, the 
receiver will recelve one of two digits, each with a probsbility cf .5. The 
uncertainty has changed from two bits tc one bit; it has been reduced by 
one bit. From the receiver's viewpoint, before knowledge of the slenal, 
either a 0 or a 1 will be transmitted, each with a .5 probability. There is, 
therefore, one bit of uncertainty; It hee been reduced by one bit. Now 
notice what has happensd. The transmitter’s uncertainty has been reduced 
from two bits to one bit, the receiver's from one bit to none. In each case 
uncertainty haz been reduced by one bit. Sinco the information flow is 
measured by the reduction of uncertainty, it is clearly the same no matter 
which end of the system is considered. 

Let us examine ancther example. Consider a system transmitting the 
binary digits 1 and 0. For the sake cf a simple illustration, we will assume 
that !t is « aymmetrical system. The probability before selection of the 
digits Is .§ that elther will be selected. This probability is the same from the 
point of view of either transniltter or receiver. Suppose further that once a 
O is transmitted, the probability that a O will be received is .9 from the 
transmitter’s point of view, After the perturbed signal (elgnal plus noise) 
is received, the probability that the C Is correct is .9 from the receiver's 
polnt of view. For ease of calculation, we have assumed a symmetrical 
system. The same hoids true for an asymmetrical system. The calcuiations, 
however, are so involved as to be out of place in this book. Actually, the 
point should be clear without them: the channel can reduce uncertainty by 
sco much, and /t matters not at all whether it is viewed from the transmitter’s 
or the recelver’s end. 

(2) There exists a code which lead; *0 arblirarily small error and stitl 
permit: information flow at a rate nearly thai of the catacity of tke channel, 
wkereas any code which attemots to transmit ct a greater rate must lead to 
an eguivocation® at feast as great cs the difference beiween that rate end 
the capacity of the channel. This means that so Jong as the capacity of the 
channel Js equal to or larger than the entropy of the source of the messages, 
we can transmit with az small a specification of error as we choose, so lorg 
as the transmission process continues over an infinitely long period of time. 
With time uniimited, error-checking devices can be built Into the aystem. 
The longer the time allowed for this purpose, the more effective these 
checking devices can be. 

Consider sorne of the means by which this can be accomplished. One 
method of error correction js slmple repetition. The message, for example, 


*Equivocatlon refera to the average uncertainty existing after the transmission. 
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tiay be repeated once—1389, 1389-—giving a redundancy of [0 percent in 
the tota! message. Or the message might be repested threo tines—-2469, 
2469, 2469 (redundancy {5 67 percent), We might prefer to take the sum 
of the digits, 21, (redundancy is 33 percent), or perhaps only the last 
wigit of the sum, 1, (redundancy is 20 percent) to show that the message 
is correct, The principis is one familiar to those who have had experience 
with legal Janguage. In an act of sale of a piece of property, a lawyer may 
write that the seller agrees to “grant, bargain, sell, convey, sesign, transfer, 
and set over’ that property to the buyer. What he i: dolme in effect is 
building redundancy, an error-checking device, into his message to make eure 
that it is not misunderstcod. It can easliy be seen, therefore, that with 
infinitely long time for transmission, measages can be sent with arbitrarily 
email error, 0 long as the capacity of the channel is equa! to or lavger than 
the entropy of the source of the messages. 

The above examples are merely Intended to illustrate the role of redun- 
dancy. In the first example, that of repetition, no nev information is trans- 
mitted after the firat transmission, The second example again has this 
feature; the transmission of the au is pure redundancy and serves only to 
detect errors. In the third, that of the legal lenguage, each word carries 
some of the Information included !n every other word and some that is not. 
A single word could be colned to cover this set of words. None of these 
exampies pretends to illustrate a use of redundancy which reduces error 
without reducing the rate of liformation fiow. 

If, on the other hand, one attempts to transmit at a rate greater than the 
capacity cf the channel (the capacity in this case 's smaller than the entropy 
of the source}, en equivocation would be Incurred equal to or greater than 
ths difference between the capacity and the rate. Of main concern here is 
the relation between the capucity of the channel and the rate of transmis- 


measures) co that the channel capacity is less than ine rate of transmis- 
gion, the theorem states that there must be equivocation, or uncertalaty, 
when the measage is received. 

The remaining concepts may be stated very briefiy: 


(3) The vate of information flow from transmitter to receiver in the 
system illustrated in Figure 8-1 is restricted only by the capacity of the 
forward channel. 

(4) The feedback channel can be employed to reduce the error rate of 
the information flow from transmitter to receiver, but not to increase the 
capacity of the forward channel. 
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Other concepts, especially some from statistical decision theory, will also 
be employed, but since they are related primaziiy to problems in decodiag, 
they wiil be discussed in Section 8.2.2. 


8.2.1 Coding 

From the discussion above it fs obvious that tho empioyment of redun- 
dancy Is an important coding probiem. A great deal of higsly sophisticated 
mathematics! effort is belng extended in this direction. The fact that this 
is not treated in detail in this chapter rkeuld not minimize the importance 
of this work. It is extremely important, but requires more technical dis- 
cussion than is posalble in this chapter. Consequently, the discussion is 
devoted to voice-communication charnels, or subject matter not sufficiently 
understood to permit sophisticated matnematical treatment. 

A number of coding problems ceserving further study have been sug- 
gested by research conducted at The University of Michigan. Two of these 
problems in particular involve the use of a human belng on the tranamitting 
alde of a communications system. These are interrelated, for they involve 
not only the question of coding procedures [n voice communication so that 
the greatest Information race per unit time may be achieved, but also raise 
the question of how these procedures should be determined for a given 
situation. I¢ has already been shown that a human being can add flexibility 
to a communications system simply because he is a self-evaluating and 
self-adjusting component, To apply this concept to the coding problem, one 
may note that he has the ability to change the code through the use of 
varied reading rates, changes in volume, shifts in inflections, and the I{ks. 
The problem, therefore, !s how to put this flexibilit:: to use. In other words, 
what can the human operator do to adjust his coding procedures to achieve 
the highest Information rate per unit tlme? And more important, ‘s i 
possible to devise a general rule which will teil the human operator which 
of the changes to use tn a given situation? 

From this point of view, it is importent first to know the maximum in- 
formation rate achievable in any given syetem. Figure 8-2 illustrates this 
problem. It is derived from calculations which are tcyond the scope of this 
chapter. The reader is asked, therefore, to accept the graph as « true picture 
of the situation, The graph shows that, for a fixed signal-to-noise power ratio 
in a digital channel, the information rate per unit time varies as a function 
of the energy per syinbol, or equivalently, as the duraticn of the symbol. 
It applies to a channel in which each symbol ji a sequence Js independent 
of every other symbol in the sequence. The two Sines Ulustrate the relation 
in situations based upon ‘wo different assumptions, The first assumes that 
the signal is known exactly; that is, if the signal exists, its waveform Is known 
exactly, even to iis porition in time. The curve shows that the reduction of 
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Ft ee ESTEE othe waveform /s known, but perhaps not 
NTH ts position on « fixed time acale, or per- 
YT elli{| Chance, the amplitude. In such a sitta- 
| : tion, the curve achleves a maximum 
a-t—tidiy point in time, a fact which suggests the 
need for further study in coding pre- 
Fiovar . ate >f Information per cedures. Is {¢ pecsible, in a velce- 
Second asa. ~ . of Signal Energy communication channel, to achieve 
when Gignal-Nowe Power Ratlo Is something Wke this maximum? Is it 
Sennen: possible to plan the redundancy in a 
way which permite the reduction of error withovt paying en excessive 
price in reduction of information flow? According to Shannon's fiindamertal 
theorem, there exists a code which can reduce error to an arbitrarliy small 
amount without the loss of information rate illustrated In the firat curve. 
By this theorem, also, there exists a code which can iead to en approxi- 
mation of the information rate indicated by the maximum of the second 
curve in Figure 8-2, with arbitrarily small error. Although it would be 
extremely optimistic to attempt to achieve these codes in voice-communica- 
tion channels, thelr existence indicates directions in which progress might 
be sought. 

This optimum code, however, requires infinitely long delays to achieve 
the arbitrarily small error rate, for the theorem assumes tranamission over 
an infinite period of time. In situations in which a fixed amount of informa- 
tion is to be transmitted, or in which the messages are independent, the 
theorem may not apply. In such situations, correction must come within 
tiie message its.if or not at eli, for one frequcntly cannot afford the time 
needed to assure minimum error through correction devices built into the 
code. If the message contains information urgently needed at the receiving 
end, we cannot waste time purely for tne sake of an arbitrarily specified 
reduction of error, Nevertheless, there may well be optimum codes achiev- 
ing a minisnum error rate in accordance with the restrictions placed on the 
communications task. In other words, of a number cf possible codes, we 
would like to find the one which, though falling short of the ideal, still has 
a minimum error rate in terms o/ the finite task that the communications 
system !s required to perform. 

For situations in which the signa’ is known only statistically, it becomes 
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highly important to conduct studies, elther theoretical or experimental, to 
establish maxima, or approximations of maxima, for curves such aa that In 
Figure 8-2, When a human component {s built Into the system, auch studies 
would include research in volce communication. One would Hke to know, 
for exampie, the effect of resding rate in the establishment of such @ maxl- 
mum point. Other variations, suck as change in volinne, tone, and pitch in 
the human voice should be considered as well. 

An example may ciarify the problem. Suppose that a babble of voices is 
used as en interference signal in a communications system. When this 
sound {s evaluated uaing an articulation test, that is, one with a fixed 
reading rate, it fs found to be quite effective In interfering with the system. 
But wher: the person transmitting is permitted the freedom to vary his rate 
of speech, he can sometimes find a zeading rate which will permit him to 
get through the babble and rendey the Interference ineffective. Almost every- 
one is familier with th’: problem from hia experience in crowds, at cecktall 
parties, and in night clubs. Deapite the hubbub, efle can frequently find a 
code (a speed of delivery, 2 volume, or g tone of voice) which wiil permit 
conversation. Despite this ability, it is not possible, of course, to remove 
equivucation completely in finite time, but it ls certalaly possible to optl- 
mise to get the beat information per unit time while accepting some error. 

The second problem {n coding procedure—the need for a general rule by 
which the particular code for use in a given situation cer te determined— 
Is iNustrated by the data plotted in Figure 8-3. Once again the reader is 
asked to accept the figure and the calculations that have gone Into it without 
further development. In this figure, the information rate per symbol or per 
message is plotted as a fsnction of the messa,2 ensemble size wherein the 
signal-to-noise energy ratio per symbol !s Axed. In this particular illustra- 
tion, ensemble size is roughly analogous to vocabularly size in an articulation 
test, and each curve represents « different value of 2£/No, a ratio which is 
so important to the understanding of both this and the radar problems that 
some explanation of it must be introduced here. 

Stated briefly, the ratio 22 /No (where & is the signal energy and No 
Is the noise power per unit bandwidth) describes, for the case in which the 
signal is known exactly, the separation between the means of two statistical 
distributions divided by the standard deviation when these two distributions 
are along a unidimensional decision axis. One of these distributions is for the 
probablity density of a measure on the decision axis when noise alone 
exists, whereas the second is conditional upon the existence of signal plus 
noise, It is further known that for smali values of 2Z/No, one gets a large 
amuunt of equivocatiun with large ensembles, and a relatively smal] amount 
with small ensembles. As the value of 2H/No is Increased, however, the 
equivocation In bits is decreased much faster in larze ensembles than in 
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Fiours 8-3 Rate of Information per Second as a Functlon of the Ensemble Size with 
Signal Energy Constant 

small ones. (See Figure 8-3 for an illustration of this relation.) For each 

value of 2E/No, therefore, there is an Information rate per aymbel or per 

message for each ensemble size, and for each wich value, there Is an optimum 

ensemble size for the rate of information flow. 

Ths curves {n Figure 8-3 illustrate this {act As inentioned abcve, each 
plots a different value of 2E/N». According to the curves, for each aignal- 
nolse energy ratio, there Is an ensemb.. size which leads to a maximum rate 
of informatica flow. Ensembles smaller than this do not have sufficlent 
entropy to justify the capacity of the channel. In other words, the capacity 
of the channel is so great In relation to the entropy of the ensemble that a 
iarge amount of chennel capacity is wasted. Conversely, ensembles greater 
than this are too large for the capacity of the channel, And as Shannon has 
shown If one attempts to transmit at a rate greater than the capacity of 
the channel, one incurs tou great an Increase in error. 

One is tempted, of course, to think further {r terms of Shannon's funda- 
mental theorem and to search for the ideal code, one which will permit 
information flow at a rate near the channel capacity with arbitrarily smal! 
error, The theorem, however, assumes infinite time for transmission and 
cannot be applied to a finite system. It is based, nicreover, on un existence 
proof, Although we know that the code exists, !t is not defined. Yet desplie 
these limitaticns, the concept remains useful, fo: it does state a bound. or 
standard, against which to compare performance. It represents an Ideal in 
terms of which the efficiency of the real can be judged. 

In voice communication studies, for example, one may find that through 
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Intelligent experimentation {¢ is possible to determine general rules useful 
in establishing the best of « set of procedures. Consider, as an Illustration, 
the reading rate established in a Standing Operating Procedure. It is desirad 
to deterralne the optimum reading rate based upon the sctual eltuation 
encountered. In other words, since the human component adds fiexlblilty to 
the communications system in that it allows the system to adapt to unfore- 
seen circumstances, [t would be valuable to estabilsh rules upon which 
individual standing operating procedures could be based. Any elven pro- 
cedure, th.efore, would not be standard for ali situations, but for particular 
kinds of asltuations. Such knowledge should help increase the information 
flow and decrease equivocation, It should enable one te approach the best 
possible conditions. 


8.2.2 Decoding 

A second general area in which further study is essentie! is that of de- 
coding and, most especially, the function of the human being on the recelv- 
Ing end of a» communications system. To understand the problems raised 
here, one must be somewhat familiar with not only the concepts of Shan- 
non'’s theory, but also with three concepts fzom statistical decision theory. 
Let us first state them flatly and then proceed to an explanation af each. 
They are: (1) Woodward and Davies’ assertion that a statement of a 
posterior’ probabilities contains ali the {nformation in the received signals; 
(2) Van Metcr’s recently advanced conclusion that decisions on perta of a 
message should be made to preserve as much information as possible, while 
decisions on the total messaze should be made in relation to some other 
criterion, such as the necessity for sctlon; and (3) Wald’s concept of 
sequential observation as more efficient than fixed time ocservation in that 
the same error reatrictiuna can be satisfied with less average time. In the 
following discussion, each of these ideas wili be ap lied to the anslysis of 
the problem. 

Busic to the discussion is Woodward and Davies' concept. They have 
shown that a atatement of a postertoré probabilities contains all the infor- 
mation contained in a receiver input. This concept merely restates the one 
made earller—that It does not matter which end of the communication 
system one looks througiu; the information remains the same. With decoding, 
however, there iy the danger of losing information. Doubtfui signals must 
be decoded with cne meaning or another. As long as one is dealing only 
with the signal, there {s a possibility of correction of error. Once the decision 
ae io its meaning is made, however, information can and will be lost. 

This concept is important because it ylelds a general rule for the question 
of when to decode. According to this concept, one should decode only when 
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a decision is necessury for some consideration beyond those Involving [n- 
formation. It may be neceasary, for example, for the Information to be 
relayed to another station by different means. The relay channe: may not 
have the capacity to tranemit the recelved signal. In suck s cage, the infor- 
mation must be decoded and sent. Or the nature of the message may be 
such—-the presence of unidentified aircraft epproaching in force—that one 
willingly incurs the loss of information so that necessary action may be 
taken, In the latter case, the need for action quite obviously overrides the 
need to preserve information. In other cases, however, where no such deci- 
sions are necessary, the preservation of information lz of main concern. 

This conclusion is certainly consistent with the concept recently advanced 
by Van Meter. He presents the view that all efforts should be directed 
toward preserving information until the need fur action arises. it may be 
necessary, for example, to make a decoding decision because of a storage 
limitation. If this necessity should arise, the decision should be based upon 
criteria designed to preserve as much information as possible. To preserve 
information should be the major concern in every situation except thet in 
which action becomes necessary. Only then should the criteria be changed 
to base the decision on getting the best possible results for the action. In 
other words, untill there are uses for the information, all efforts should be 
directed toward storage of information as such. When the uses exist, the 
efforts should be directed towerd optimising the use. 

The importance of these concepts !s apparent when a human component 
on the receiving end of the system is considered. There are many things 
about him that one needs to know, most especially, how he stores and de- 
codes the message. Does he decoce unlit by unit, symbol by aymbol? In 
other words, is ha like a novice try!ng to hold a conversation In a foreign 
language, translating each word as It comes up? Or does he, like a fluent 
speaker, preserve sentence after sentence in his mind, until he must act, 
that Is, reply to the one he is speaking to? Does he, therefore, store infor- 
mation as far as possible, making decisions only when there {s some com- 
pelling reason to do 20? Supposs, further, that the time has come to act, 
that it is time, for example, for im to transmit to another station that 
information which he has so far re. ‘ved. Upon what criterion has he acied? 
Did he make his decision, as suggested by Van Meter, with a view toward 
preserving as much Information aa pcasible? If, on the other hand, he has 
decoded so that action may be taken, has the decision been based upon 
principles that will bring about the best possible outcome of the action? 
These questions clearly indicate that the Inclusicn of a human component 
in a communications system raises many problems which require further 
etudy. 
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Still another problem deserving further research is suggested ty Wald’s 
concept that a sequential observation is more efficient than a fixed-time 
observation in that the same error restrictions can be sa. ified in an average 
of half the time. The following illustration may clarify : concept. Suapose 
a man has been Invited to deliver a lecture. If he is important enough, he 
might concelvably elect to put his lecture on tape and have it played for 
bis audience. To do this, however, he will have to estimate in advance the 
level of knowledge of his audience, the conditions in the auditorium, thelr 
attentiveness, 2nd many other factors. He will have to make his recording 
on the basis of his estimate of what the average conditions wil! probably be. 
If te speaks in person, however, he can base some of his decisions on infor- 
mation he collects as he speaks. He may be able to judge from the facial 
expressions, nods of the head, etc., when each successive idee has been 
understood. Thus, he dwelis on sach {dea until he receives confirmation 
from tire audience that it is satisfied. On some of the ideas he may spend 
a longer time than he would have had he taped hiz speech in advaace. In 
others he may find he does not need ta sperd as much time. On the average. 
assuming that it {s a long speech containing many ideas, the speech would 
require less time per !dea if he delivered tne tal: in person than If he taped 
it in order tc achieve the same level of understanding on the part of the 
audience. 

In effect, the tape-recorder example /s analogous to the problem involving 
fixed-tlme observation. With a pre-established code—cne constructed in 
advance—we imust work upon the principle of averages. We accept a time 
unit whlch, on the average. should give us s reasonable probability of 
certainty, thougn we recognize and accept the fact that error is nresent. It 
is tke planning a stock-buying campaign in advance. We know that we will 
make errors somewhere In our estimates and calculations, so we must make 
our plans on the average {{ we are to have any success. We have to accept 
error. In a similiar fashicn, with fixed-time observation In a finite system, 
we must also accept a degree of error. 

On the other hand, the sequential observation---and our speaker permits 
his audience to act sequentially—enables us to operate more efficiently. 
Instead of operating on averages alone, averages which may not be at all 
descriptive of u given situation, the observer makes use of information 
immediately available. Thus, instead of observing for a fixed length of time, 
he observes only up to the point at which he achieves a certain level of 
confidence. To follow up our stock market analogy, with sequential observa- 
tion, we would not plan the campaign in advance, but would make our 
decisions on purchases and sales on the basis of day to day Information. We 
would have a clearer picture of the situation In which we are operating and 
thus should be able to reduce error. 
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Perhaps the most significant fact about sequential observation Is that the 
observer haa controi of the length of observatisn time. Once he has the 
information, or haa achiaved hia degree of confidence, he does not have to 
waste time by buliding in redundancy or error-cerrecting devices. He can 
&cept the signal and go on to recelve additional infcrmation. On the average. 
the observer who cperates according tc Wald’s cuncept cuts the length of 
time to the point of removal of uncertainty to about half. Thus, he raises the 
degree of certainty per unlit time. 

Since seauentla! observation is so significant, one may weil ssk how this 
kind cf procesa may be built into a communications system. The block 
diagram {n Figure 8-1 contains the means which makes this kind cf obser- 
vation possihle—the feedback channel which serves the same functicn as 
the audience's reaction did in the speaker example. Only a low-capacity 
channel is needed since its sole functicn is to transmit to the source the 
information that the recelver has now completed an observation. The re- 
ceiver listens to the signal until he fc in a position to accept one of the 
symbols with a satisfactory degiec of confidence. At this point, he transmits 
cver the feedback channel a single binary digit which states that he js now 
ready to start ti ~t-ervation of the next symbo!. The capacity required of 
the feedback cher~ " ,. anls way fs at most one bit per symbol. By 
using cuia i" wx human observer in a communications system can 
observe sec = cwsiy. He cu. satisfy the same error restrictions as in fixed- 
time observation in an average oi half the time. 

Since sequential! observation might increase the efficiency of a communi- 
cations system to such a marked degree, and since, also, the human com- 
ponent may serve as such an observer, {t is clearly {mportant to know the 
extent to which the human operator can act as a sequential observer. It 
will be noted also that this type of observation adds a desirable kind of 
fiexibiilty to the communications system since it allows design decisions to be 
delayed until the precise environment Ja known in which the system is oper- 
ating. Studies ir. this area, therefore, should provide information for improving 
the efficiency of communications systems. 


8.2.3 Use of Redundancy 

A third problein requiring further analyais and research is that of ths 
use of redundancy in a communications system. The term redundancy as 
used here Is that fraction oj the structure of the message determined noi by 
the free choice of the sender, but rather by the accepted statisticai rules 
governing the use of the symbols in question. Varying degrees of redundancy 
may be built into any system. The amount of redundancy (actually about 
50 percent) In the use of letters in the English language was already shown 
In the introduction, and it was discussed above (in terms of the second 
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concept from Shannon's theory) how redundancy can be bullt directly into 
a message. Such reduncancy, of course, decreases the information trans- 
initted but adds measurably to the degree of certainty with which the 
message le received, It serves, in effect, as en error-correcting device. 

Fundamental to this dlecuasion of redundancy is the first concert from 
Shannon’s theory (thet the rate of Information flow is the same viewed 
from the standpoint of either the transmitter or receiver). ‘Chis concept fs 
very important in understanding the effectiveness of the performance of 
the total system. The reader should refer back to the first exemple given in 
the discussion of this concept, that in which the uncertainty of the trans- 
. itter was reduced from two bits to one bit, that of the receiver from one 
bit to none, 20 that in each case the uncertainty waa reduced by one bit. In 
this case, the a gefori uncertainty of the receiver was not matched to that 
of the tranemitter. W'th the mismaich, there must be some equilvocation 
at one end of the channel. It is only when the two ensembles are matched 
that equivocation can go to zere at both ends of the channel. Thus, the 
uncertainty of the recelver should be matched to the uncertainty of the 
transmitter, a matching which can be echieved only through the use of 2 
driori ‘pformation—that {3, when the receiver has knowledge of the meseage 
encemble. 

This fact suggests the necessity of matching the ensemble of the trans- 
mitter with the ensemble of the receiver. Consider the foilcwing iliustrations. 
Suppose the ensembles are compietely unmatched and that an audience 
which understands only English suddenly finds itself being lectured to in 
Japanese. Since there is almust no relation between the languages, tne 
message ensemble of the speaker {is totally unknown to the listeners, and 
little or no communication takes place. The problem ex'sts, moreover, even 
when the ensembles are pertially matched. Suppose our lecturer speaks 
English, but has in mind a frame of reference for his words different from 
that of his audience (he Is of a different religion or political party, or has a 
different social or economic view). It Is possible that they may understand 
the words, out may be puzzled or confused as to his meaning. He is using 
an ensemble that they do not understand, and his mesaage, perhaps, does 
not get through to them at all. Everyone {s familiar with such common 
misunderstandings, even 'n the conversation of friends of long standing. 

Essentially, therefore. the problem is one of the use cf @ priori informa- 
tion, of giving the receiver knowledge of the message ensemble. In our 
latter example, the speaker may evaluate his audience in advance and adjust 
his ensemble to the average to be expected. Or in seeing the puzzled looks 
on the lstener’s faces, he may restate his ideas in other forms—in other 
words, he may change the ensemble to fit theirs and so get through to them. 
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In still othez Instances, the audience fiself may have acquired infcrmation 
concerning the point of view or frame of reference of the speaker. (Students 
frequently ‘“‘case” thelr professors in this way.) Thus, they know in effect 
the messtge ensemble, and misunderstanding is leas 'ikely to cccur. In @ 
communications system, however, if the message ensemble is of considerable 
sise, the memory of the human operator may be severely tazed. 

it is important, therefore, to find means by waich the human memory 
may be heiped. To be sure, Miller has reported some interesting studies 
suggesting ‘hat humen memory ia quite restricted. Nevertheless, even 
though this may be true, there are means available which can certainly 
help. The human being does not have to rely upon unaided memory, for 
the use of memory aids can help him te a rather substantlel and quite 
accurate memory. One suck memory ald is the map used in communication 
studies at The Univerelty of Michigan. 

This map is useful because It gives the receiver ¢ priord knowludge of 
the message ensemble and thus, at least under test conditions, accomplishes 
the matching of the uncertainty of the receiver to the uncertainty of the 
transmitter. In this test, each cf the messages iz s route on the map Iilus- 

trated in Figure 8-4, The starting point 
Lo NN A Ar py ie the position Y, heavily marked in the 
rn _ center of the map, Progress along the 
| KO wie » route is oniy to connected neighboring 
| 5 i Xe , towns, and the route dees not double 
- Care Ps back upon itself. Thus, there are four 
re 






, poasiole moves trom V—to O, J, A, or 
POM the move i. to OU, three possibilities 
, fallow: to Z, R, or H. Each message 


| consists of six towns, as for example, 
CN. , that marked, OZTRVE., 
atti The receiver mey act either upon 
x fixea-time observation or sequential ob- 


servation. If he observes sequentially, 
Fiouny 6-4 Map Used as Visual Ald the name of the town is repeated until 

Sage the receiver transmits over the fcedback 
channel a single digit denoting that he has received the signal with a 
satisiactory degree of confidence. By having the mzp available as a memory 
ald, the receiver can readily identify the received message as one of 972 
possible routes, It is possible, however, that the recelved map may not be 
one of these routes. It it is not, it is still possible for the observer to choose 
the most likely of those messages actually in the ensemble. Thus, in the 
typical route uged above, he would probably select that one as the correct 













| 
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message, even though he ectually received ODTRVE, a route which ie not 
in the ensemble. 

Results of this teat suggest that memory alde of this type can complement 
human memory. Such use of rc lundancy, of giving the receiver knowledge 
of the messege ensemble and thus matching his uncertainty to that of the 
transmitter, can increase the efficiency of communications systems. Further 
research in this area is, therefore, clearly indicated. 


§.2.4 Summary 
Analysis cf the communications problem reveals a number of areas 


whore further research is cssential if we are to underetand fully the nature 
of the system and the relation of the various parts to the efficient func- 
tioning of the whole. The role of the human being, whether he is on the 
transmitting or recelving end, is particulerly significant here. As observed 
throughout, the human operator adds flexibility to a system. His presence 
may allow a number of parameters to remain unspecified until the system 
begins to operate in a particular environment. Once in the environment, the 
human belng may adjust to the specific conditions he finds and perform 
more efficiently than present mechanical devices. Since he can serve 80 
important a function, it becomes Imperative to determine the effect cf his 
behavior on the system as a whole. 

From the standpoint of coding, one would like to know ths effect of 
reaGing rate, volume, tone, Inflectlons, and so forth on the efficiency of the 
system with a view toward determining general rules for establishing the 
best possible procedures for situations in which the operator may find him- 
self. At the other end of the system, more information is needed on the 
capacity of the human component for storing or decoding information and 
on his ability to make decisions to cptimisze elther Information or utilities. 
We also need to know much more concerning the human being’s ability to 
observe sequentially and to make use of redundancy {n 4 communications 
system. We would like to know the extent to which he can incorporate 
a priort information. Increased knowledge in all of these areas wili improve 
our understanding of the communications system. Such an understanding 
will then help in evaluating the effectiveness of any countermeasures 


program. 


8.8 The Radar Problem 

Although at first glance, the problem of the human component !n a radar 
system would seem to be different frern thet in a communication sysiem, it 
is In many ways much the same. To be sure, there are significant differences 
between radar and communication systems, differences which require that 











= ose OE —. a eles. 





PSYCHOPHYSICS IN ELECTRONIC WARFARE 8-22 


they ho treated separately. Nonetheless, as the present analysis wii! show, 
insofar as the human rece is considered, the similarities are greater than 
the differences. This analysis is based upon a apecific problem: the possible 
influenve of human performance on the range of a radar, Despite the specific 
nature of the problem, however, it reveals certain pertinent questions regard- 
ing human performance in a radar system in general—questions which are 
the same as those encountered in the discussion of the communications 
ayatem. 

Before the analysis can be started, however, certain background material 
must be clearly understood. Since a radar system is a sensory system, the 
function of such a system is particularly pertinent here. Consider the block 
diagram shown in F'gure 8-5. The aree within the dotted Ines on the 
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Fiovras 8-5 Relations of Functional Blocks in a Large System 


chart is of concern. The sensory system is what gives one the observation; 
the /(x) (likelihood ratio) is what one gets from the observation. The /(x) 
computer calculates Hkellhood ratios and can compute only a Anite number 
of them. 

As can be seen f7om this chart, the sensory system Is really a part of a 
larger cne, and its efficiont operation must depend upon instructions from 
the larger syaters. That is, the larger system must determine the tkelinood 
ratios relevant to the particular situation and time. These instructions are 
aent into the sensory system by the distribution computer. 
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In similar iashion, before the question of decisions can be censidered, it 
is necessary to know how the sensory system fita into the jarger unit. For 
exempie, if the funcifon of the sensory system is to transmit data tc a date 
procesiing center, [t saou'd be concerned with transmitting as much infor- 
mation as possible. Its functicz should be to preserve Info.maticn, not to 
act upon utilities. If, on the other hand, the output is used to make a 
decision to iake action, the decision computer must consider the utilities of 
the decision. This problem, it will be observed, is similar to that discussed 
in Section &.2.2. Finally, if the equipment is to be used for making dacisions, 
the information fed into it from other parts of the system should bs chosen 
ky criteria for information preservation. That {s, we should need the decision 
computer input information, not decisions. 

The {mportance of this background becomes immediately apparent when 
it 1s applied to the particular propiem of the radar system. The more infor- 
mation fed Into a sensory syetem from the outalde, the leas haa to be 
processed by the system itself, ‘This fact is of the urmost Importance in a 
radar svatem. A signal in noise has a capacity for carrying {nformation, 
or, in other words, reducing uncertainty. Since this is true, the detection 
range of o radar fs a function not only of the energy of the pulse -eturn 
and the nolsze level at the receiver Input, but alse of the amount of infor- 
mation which, must be processed. Thus, there is a relaticn between the 
amount of information to be processed aud the range of tha set. 

If the co prior? uncertalnty is large, the energy of the return muat fe 
correspondingly larger to reduce the uncertainty to a deslgnated yalue. Ii, 
however, a priori information has reduced the uncertainty, the energy ro- 
quired js less by an amount dependent upon the degree of the uncertainty. 
Consider, for example, Figure 8-6. Here it ccm be seen that it in possible 
to achieve a degree of certainty of, say, .98 with less energy as the number 
ef e'ternatives among which the choice is made ia decreased. It is clearly 
important, therefore, to seduce the uncertainty as much es possible before 
the set Is asked to operate. 

Suppose, for example, that our knowledge cf the enemy is sufficient to 
ascertain that we can expect perhaps four possibile targets, some 260 loca- 
tions, and an Infinite number of times during which the target may appesr. 
Clearly, this {s 4 vast amount of information, of uncertainty, to be pro- 
cessed. If, however, we can feed information into the set or system which 
will assien a high a prior] probability to one particular target, a smaller set 
of locations, and a limited number of times, we decrease the uncestainty, 
require less energy to reach a designated level of certainty. and, in effect, 
increase the range of the radar. In other words, it would be possible to pick 
up the target while it is still farther cut. 
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There are a number of ways, af 
course, in which this can be accom- 
plished. A better definition of the signals 
thet appear will certainly hein. Also, 
when the r-dar is Integrated into & eys- 
tem in which information from other 
sets iz available, such information can 
be incorporated as a priori information 
| for tLe radar operator. Thus, the sensory 

sy;iem (the radar) must be seen in re- 
lation to a jarger system; the efficiency 
of th. ‘nucry system will depend upon 
| instructia:, ‘rom iat system. Only then 
/ can one know -vhat the system can be 

2 ont on VER expected to do. 
Frovnz 8-5 Probability of a Correct Detection, moreover, should be based, 
Choice acs a Function of 28/No with 82 far as is possible, on sequential ob- 
the Number ef Alteruatives as a Para- servation. That is, detection should 

mater come as a result of integrated inforraa- 
tion rather than as a result of = series of individual decisions. The 
presence or absence of % target should not be decided ai each scan of the 
antenna for each resolvable unit of space as displayed on the rader scope. 
Rather, energy should be integrated from scan to scan until It is poselble to 
make a decision in accordance with a certain level of confidence. It is 
importent, therefore, that information be preserved until such time as a 
decision must be made. Freservation of information is the most important 
criterion until a decision for action must be taken. 

To a large extent, a consideration of all these facts affects estimation of 
radar range only in the way in which the performance of the decislon- 
making device is incorporated. It is independent of the physical or electrical 
properties of the radar except insofar as these may be modified in the iight 
of information being collected. The flexibility introduced with the human 
component ia important here. Under certain conditions, the operator may 
elect to employ a restricted or selected portion of scan or restricted range, 
operations which can influence the totai energy of returns from targets. Thus, 
in a radar net, another set may give information concerning a certain target, 
including place, direction, and speed. Such information may lead the operator 
to elect a particuler scan or range. He will require ieas energy to pick up the 
target and hence increase the range. 

This section of the chapter, therefore, will consider the [mportant question 
of the effect of operator performance on radar range—an effect which @'li 
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be congldered ir terms of fixed scan conditions. and fixed conditions fer 
sange of search, In terms of these assumptions, the evaluation of the elgna! 
and cf recelver efficiency will be considered first. In this way, {t should 
then be possible to determine operator eMiclency, Such analysis will M{lus- 
trate tne relevant psychophysical areas for the atudy of radar operator 
perfcrmance. 


&.5.1 The Assumed Signe! Evaluation 
Since operator efficiency must be seen in terma of both the efficiency of 
the signal and that cf the receiver, these two areas must be considered 





Ficunz 8-7 Threv Points of Zificlency Measurements !n a Ragar System 


first. The biock diagram in Figure 8-7 will perhaps help clarify the problem. 
Hera, the sensory system described in the introduction to thia section {a 
incorporated into a radar system, and the three points of measurement for 
signal, receiver, and observer efficiency are illustrated. In other words, a 
measure for determining signai efficiency is needed first. This factor must 
be modified by receiver efficlency, and the combined facta: further modified 
by operator efficiency. In this way, one car icarn what performance may 
reasonably be expected of a radar system, for the » (efficiency) Is a varlabie 
that can be dealt with practically and is measurable in some experivental 
situations. There {s no reason why It cannot be used in the future in in- 
creasingly complex ones. 

Let us turn, then, to the question of signal evaluation to determine the 
basic factor in terms of which the recelver and operator efficiency must be 
seen. According to the theory of signal detectability, the most Important 
parameter for such evaiuation Is the ratio 2E/Ny, where E is the signal 
energy and Ny Is the nolse power per unit bandwidth (see Appendix). This 
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ratio can be used to furnish the basis not only for decision tasks, but also 
for recognition ones, That ic, when two possible signals are presented and 
one is subtracted from the other, the difference signal obtained has energy 
which goes into the 24/iNV, ratic, which teils how well one can alscriminate 
batween the two signals. Since this jn true, {t fs therefore assumed that the 
signal evaluation at jeast furnishes che basis for calculating an expected 
valua of the ratic as a function of the range of the redar from the target. 
Once the value of 22/’, has been determined, the efficiency of the human 
componeat can be worked out. 


For the purpose of this discussion, a number of css ' 1p have been 
made. Figure 8-8 assumes a value of 2B/Ns == 1.00 wue.: the range Is 
1.00. It further assumes that the signal power of the echo varies directly 
with the fourth power of the reciprocal of the range, that the aumber of 
pulses returned la @ constant Independent of range, and that the nolse at 
the recelvor Input is Independent of range. No effort js made to Justify 
these assumptions; they have been made only to furnish a basis for the 
demonstration which follows. The necessary evaluative procedure is not 
depsiident upon them. One could as well assume that the nolse power is 
increasing with range, as might be the case if countermeasures were 
employed. 


The curves shown In Figure 8-8 have 
taken this particular form because of 
the nature of the hypothetical ex- 
periment upon which they are based. 
The situation Invelves tw: fast mov- 
Ing oblects coming tojet!: Lhe lower 
of the two curves sho = che_- value of 
2E/No expected for each target Inter- 
ception. The second is the int grated 
value assuming that the target Is 
intercepted ohce every time the range Sears. yeni) 5 
is reduced by one tenth of jis original ——f A 


velue. Because of the particular ma- At 
iM 
} 


ture of the experiment, the last value 
4 & 46 





every time represents the major por- ; 
tion of the energy of the Jateygration, 

the sum of the energy to that point. 

If the target is intercepted more fre- 1% 
quently, then the integrated value is 

increased proportionately to the fre- = giguae 8-8 2K/No as a Function of 
quency of interception, Range 
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Thus, lf @ priors information can be used to reduce the sccter scanzea, 
increasing the frequency of the intercept, the integrated value of 2£/N 5 !3 
expected to increase. With a more lisaited sector, one can sweep faster ana 
get more Interceptions; at the same time one picke up energy a¢ well. The 
use of @ pricri information, therefore, limits the amount of information to 
be proceased, increases the energy from the target return, and thus aifectes 
the range of the cadar. Hence, from the point of view of ths hums operator, 
it ia important to know the extent tc which be can 'ncorporate ¢ prior infor- 
mation, Since the integrated values, moreover, linply sequential cboervation, 
the questions of the capacity of humzn memory and of the use of memory 
aids become importart. The sigzal evaluation in terms of 2£/No, there- 
fore, raisea significant psychophysical questions for further study. 

These questions are pertinent, even though the assumptions underlying 
the particular values cf 24/No in Figure 8-& are completely arbitrary. The 
necessary evaluative statement remains unchanged. The curve could be 
establisked on any set of realistic assumptions, leading, of course, to & more 
realistic curve. With realistic rather than assumed values of 2Z/No, one 
should be able to compute more accurately the efficiency of the operator. 


8.3.2 Receiver Efficiency 

Given the value cf 22/No, deiived from physical data, we must next 
modify it by a factor of receiver efficiency. This occurs at the second point 
of measurement shown in the block diagram in Figure 8-7. To a large 
extent, the functioning of thia receiver and its efficiency will depend upon 
the way it is incorporatec into the system ari the function It {s designed 
to serve. If there is an operator, as there Is in the block diagram, the 
purpose of the recelver is only to transmit Information, end !ts efficiency 
will depend upon the amount of Infermetion !t can transmit in terma of [ts 
capacity, 

If, on the other hand, there is no operator, the receiver must perform !ts 
functions, and it should act iike the sensory system incorporated in the 
block diagram in the position of the operator. This, however, Is an ideal 
observer; ir practice, the efficiency would not be 1. Nonetheless, depending 
upon the function that the recelver must serve—ito preserve information or 
to act upon utilitles—one can assign an efficiency rating ("%) which will 
modify the value of 2E/No derived from the evaluation of the equipment. 
Once again, » is a real value which can be used in the evaluation of the 
system. 


8.3.5 Operator Efficiency 
Once we have arrived at the value of 2£/No modified by %, we must 
next modify this coribined value further by a consideration of an operator 
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: cacter. "ig. This eccurs at the third point of measuramen: in the bleck 
- Gagram in Figure &7. For ease of calculation, it would be -onvenilent to 
. essume, 6s haa sometimes been done, that this fs a constant fector. In the 
past, for exemple, the human factor bas been assigned un efficiency of .3. 
Experimenia indicate, however, that this factor fs not a constant, and that 
it only introduces unnecessary error. 

: In ordez to understand the variable facter %q, designating the efficiency 
¥ of the human operator, one must first understand the terms », @’, and the 
relationsaip between these factors and 2#/No, since observer efficiency is 
related to these concepts. The aefinitions are based upon the block diagram 





Frourz 6-9 Block Diagram Concep- 
tuatising Experimental Design (/rom 
Teaner and Birdsell) | 


shown in Figure 8-9, reproduced from Tanner and Birdssil. There ere four 
channels the nature of which !s determined by the position of the switches 
S; and So. 

Ci; is an ideal channel in which the transmitted signal is known exactly | 
(SKE) and the receiver is ‘deal, that is, in relation to the particular trans- 
mitter. Cig is a chanael in which the transmitted signal is known exactly 
and the receiver is one under atudy. Cg, is one in which the signal is known | 
statistically (SKS) aad the recelver is ideal. (Note, however, that this is a | 
diferent receiver from that In C;;, for, as the transmitter changes, the 


receiver must change, since it is ideal in relation to a specific transmitter). ! 
Finally, Cas is a channel with the aigna! known statistically and + 
recelver one under study. | 


Let us firat consider an experiment with Channel C,,. S; is in position 
1, Sy in position 2. Signal energy Hi, Is employed, and noise power per 
unit bandwidth Ny is added. The receiver's nroblem is to observe specified | 
waveforms and to determine whether the waveform contains a signal plus | 
noise or nolse alone. Performance over a large number of times can be 
measured in terms of a detection rate Psy(4)—-the probability that If a 
signal was presented, It was accepted,—-and a false alarm rate Py({A)— 
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the probability of mofse alone being accepted. The “hit rate” {a therefore 
Pay (A)/Py(A). 

The second experiment ‘3 a mathematical calculation. It {s similar te the 
first excer: that C,;, that is, an ideal receiver, is employed. With Sy in 
position i, therefore, the experiment ia repeated, with the energy of the 
signal attenuated until the performance attalned in the previous experiment 
is matched. This anergy is 2,;. The efficiency of the recsiver under stidy 
for SRE ("%). therefore, may be defined as £;;/Hy9, where 2; is the 
energy level at which the performance ls matched. The measure a’ js then 
defined by the equation 

Ose My en At, A 
(a°)* = hp No = Ne 


That jis, (2’}* Is the value of 24/No necessary to leed to the observed 
periormance, given SKE and its ideal receiver. 

Let us next consider a second pair of experiments, both of which are 
mathematical calculatiou.s. Tae channel employed is C,;, that is, the 
signal is known statistically ard the receiver is az ideal one for that statis- 
tical ensemble. Energy Ay; and noise ‘9 are employed, and a performance 
measure is established. 5: Ja then moved to pesition i, changing the 
channel to C,; (and, it should be noted, also changing the ideal receiver). 
Energy {s attenuated until performance is matched at 4;,. In the caso of 
the SKS, this permits the calculation of the efficiencv cf the transmitter, %,, 
for the SKS as £,,/Ho;. At this point, it chould be obvious that [f one 
proceeds; in this way with paired experiments, one can establish a recelver 
efficiency for any SKS, which might be expressed as "aiaxa) == Eq; /Hyy. 

One final definition remains to be made, y, that is, operator efficiency. 
Since (d’)® is the value of 2E/No needed if one has ‘dcal conditions, for a 
particular experiment » == (d@’)"/(2£/No), where E is the energy used 
in the experiment. The relationship, therefore, is one between the energy 
used under ideal conditicns and that required in a recl situation. 

With these definitions, we can turn to the actual calculation of , the 
efficiency of the human operator as it affects the performance of the system. 
In visual experiments, Tanner and Swets observed that d@’ for weak signals 
varied approximately eas the square of signal intensity (energy). Ii the 
signal were known exactly, however, @’ should vary as the square roct of 
signal Intensity. Since (@’)* = 2H/No, this says that observer efficiency 
varies as a function of (2£/No)* for weak signals. 

Although this information is important {n the present context, the data 
acquired from the visual experiments are not in usable form, for in these 
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experiments, the values of 2%/No were rot known precisely. In order to 
put these dats into useble forri for the purposes of this chapter, we must 
extrapolate from tho resuits of auditury experiments. In these experiments, 
the velues of 2£/N5 are known precisely and thc y's can be calculated. 
Such extrspolation is, of course. very cangerous, Tt is donc here only with 
the purpose of establishing an appruximaticn, Quite obviously, further visual 
experiments and more precise information are necessary before one can be 
sure of the accuracy of the valuee of 1, 

The extrapolation is based upon the folowing theoretical observations: 
(1) algnale known statistically, as they get Jarge, approach In (d’)* signals 
known exactly, and (2) observer efficlences in auditory experiments involv- 
ing large sigrals approach values as high az .5 or greater. On tne basis of 
these observations, it is assumed that when 22/N»o = 10, the ovserver 
efficiency is .5 and becomes lower as 2#/iV> decreases, in accordance with 
the observation reported by Tanner and Swets. This is, it must be repeated, 
an extrzpolation which should be checked experimentally, It may well be 
too optiriistic. 

These estimates are rmresented In Taste 8-1, ESTIMATION OF 
Tabie 8-1. The » is dezived as a result OPERATOR ieee enw Y 
of the ratic (~’)8/¢/Ny) es de- 28/No (a8 M 


fined above. Tho data from these 10 a oe 
columns are shown graphically in Fig- 8 34 428 
re 8-10, where the estimate of the : . aa 
human observer's performence {s com- 5 14 280 
pared to the ideal. Once these values ; oe at 


of » are accurately determined, one 
can proceed to modify ths combined 
evaluation of the signal and receiver 
efficiency. The value of 2A£/No as 
derived from signal evaluation and 
as modified by the efficiency of the 
receiver ("%%) would then be further 


modified by the operator efficiency = 
factor (%j) for that 2£/No as esti- — Ae se =e 
mated in Table 8-1, z= HiT iF] | iit 


&.3.4 The Capacity of a Signal 
to Lead to a Correct 
Choice Among One of M 
Alternates Fiovart 8-10 Estimate of Human Ob- 


Now that the general process is un- server's Performance compared to the 
derstood by which the capacity of the Ideal 
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system may be modified by facturs of recelver end onerator efficiency, we 
may return to the question of the evalvation ui the equinment, es presented 
in Section 3.3.1 above, to show apecifically how the efficiency may be af- 
fected by the use of @ priori information. 

In a short unpubifaned memo, Peterson aad Birdsal)l have considered 
the problem of making % correct choice from Af equaliy Rkely orthogona! 
signels. If tine *wo etatistical distributions baale to the caiculation of 
2K /No (see Appendix) are consulted, thic Is a case ln svhich 4 —- 1 ob- 
servationa ere frora the distribution conditional upon noise sione, and 
one observation is from the dietribution conditional upon signal plus 
nolse. The probability of a correct cholce Ja the probability that the obser- 
vation from signa! plus noise /s greater than the greatest of the Af —~ | 
observationa from nolse alone. For the ideal case, this {s given in the fole 


lowing equation: 
2E 
Pic) = frevats cam ames ) OX 
No 


F(x) =f f(x) dx 


where 


and {(x) is the possibility density for che observation x. 

Peterzon and Birdsali have constructed 4 tabla (see Tahle 8-2) oased on 
an approximation of this equation, and shown here graphically in Figui. 8-6. 
From thelr approximations, Figure 8-11 hes been constructed. This figure 
shows the value of 2E/No necessary to lead to a correct decision as a func- 
tion of the a priori uncertainty (logs 4) with performance criteria of .85, 
.90, end .9§ probabilities. As can be seen from the graph, the lerger than 
a priori uncertainty, the greater the energy needed to reduce the uncerteinty 
to a designated value. 


8.3.5 Ectimating M 

It is assumed here that if the error of target location is normally dis- 
tributed over a single dimension, then the uncertainty (log, 44) of ta:get 
location is approximately the same as in the case of a target equally Ilkely 
over the equivalent rectangular distribution. An approximation of 44 is then 
given by 


SES ES Ls a i ay cE ho Ee EE iewe fh ot NE aSlaSie Poe Sr Ce, “WR EE Se or eee 


or 
Met ee 
2 Antenna Beamwidth 


where o is the estimate of error in a priori estimate of target position. 
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Taats 8-2, THE PROBABILITY OF A CORRECT CHOICE OF ONE OF M 
EQUALLY LIKELY CRTHOGCNAL ALTERNATIVES (from Petecsen end Birdseil) 





t 4 § 6 78 O16 


ee 


&.3.6 Summary 

Although ihe radar problem is in 
many ways fundamentally different 
frorm the communications problem, the 
analysis of the radar ange preblem 
presented above Illustrates certain 
fundamental similarities ae far as the 
human component !s concerned. The 
relevant psychophysics] areas for the 
study of radar operator performance 
are not fundaimentally different from 
those illustrated in the communica- 
tlons problem. In both, the relevant 
questions are the same. Just as the use 
of redundancy in the communications 
problem ralsed the question uf the abil- 
ity of the human belng to incorporate 
a prion information, so does the radar 
problem, Insofar as such information 
affects the energy requirements and, 
hence, the range of the system. 

Thus, the areas in which further 
study {s required may be summarized 
by means of the following questions: 
(1) Can the operator Incorporate a 


Fioune 811 22/No Requiree to meet priori infornintion? (2) What Is the 
Criterion as a Function of Uncertainty | extent of his memory, and what kind 
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of alda cen be lutroduced to supplement this memory? (3) Can the operstor 
act as a sequential cbserver? (4) Can the operator optimize Information? 
These questions are very similar to those asked in the communication 
problem. Ail will require jurcner study before ome can be aure of just how 
the human component may be incorporated into a system and how his 
incorporation will affect the performance of the system as a whole. 


3.4 The Countermessures rrobiem 

All of the questions treated in the preceding two sectlons are pertinent 
to the countermeasures problem. Most especiaily, the dominant idea of the 
foregoing discussion needs to be stressed again: the efficiency of the system 
depends id a great extent on the specific job the system is designed to 
perform; the more clearly the situation in which the system will act can 
be specified, the more accurately can Its efficiency be evaluated. Tne role 
of each of the factors in the system must be carefully studied for tre 
important reasons. First, we must clearly understand the effect each factor— 
including the human cone—hes on the syatem as a whole so that we can 
accurately evaluate the system. Second, once given this information, we 
must strive toward the formulation of a more general rule in terms of 
which the system may be evaluated. 

The importance cf this second concept cannot be overemphasized. Al- 
tuough the system must be studied in terms of specific situations, the data 
acauired may not be entirely useful in the evaluation of equipment !f that 
equipment should be used for an entirely differant purpvse. Since the effi- 
clency depends to a great extent on the particular situation or game, & 
change in that altuation may render the data derived from the first altuation 
all but useless. Clearly, what we must seek {fz a more genera} rule, a more 
generai means of evaluation which can be used to cover a variety of 
specific altuations. The data should be in some form—astill to be determined— 
which will not be designed to tell the user the enecific evaluation of the 
equipment, but which will enable him to calculate that efficiency for him- 
self given the specific situation In which he is engaged. It iz this second 
concept which is of major concern in this chapter. 

As in the preceding two sections, the analysis of the countermeasures 
problem must proceed from a realization that the preblem is derived from 
the fact that we are Involved with a system. As such, it can best be under- 
stood !: terms of the material the: has already beer. covered. Consider 
first the relation to the communications problem, If we conault the block 
diagram in Figure 8-12, illustrating the basic countermeasures problem, we 
can see immediately that what we have here is really a modified version of 
Shannon's fundamental diagram of a remmunicatior. channel (Figure 8-1), 
with the operator and jammer added. As one would expect, therefere, the 


ee 





PSYCHOPHYSICS IN ELECTRONIC WARFARE §-37 





Provax 6-12 Block Diagram Mlustrasing Basle Countermeasures Problem 


fundamental questions of information, channel capacity, entropy, aid sc 
forth, ail apply here, especially insofar da they are affected by the presence 
of the jammer. In a similar Zashion, the paychophyalcal questions ralsed ov 
the incorporation of a human component are equatly pertinent In this 
context. 

Certain similarities will also be noted between this diagram and the one 
basic to the radar problem shown In Figure 8-7, wherein the sonsory system 
was Incorporated into the radar. Of the greatest importance are the three 
points of measurement used to determine the effectiveness of jamming. 
These correspond generally to the three points of measurement for determin- 
ing equipment, receiver, and operator efficiency in the earlier problem and 
may be eas{!ss understood in terms of that problem. Thus, the question of 
determining the value of », basic to the radar problem, {ia pertinent to the 
counterinesaures problem as well, and has to be worked out for each factor 
in the system, Including the human one. The diagram In Figure 8-12, there- 
fors, In presented here to assist the reader, familiar with the preceding 
problems, in Identifying the factors involved in evaluating the effectiveness 
of a jamming tactic. 

The factors involved in such evaluation may be divided Into three main 
categories, two of which relate to the communications system !n general, 
and a third which js related to the countermeasurea problem in particular. 
The first and second categories may be distinguished from each other 
according to thelr relation to the specific situation. The word “specific,” 
however, is used here in a somewhat unusual sense. It does not refer to 
the particular physical parameters involved—such as distance or terrain— 
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but rather to those elements In the situation determined by the particular 
game being plaved. The first group of factors !s specific to the geme; the 
second ig not. 

Those ‘actors, among others, which are apecific to the particular sliuation 
may be listed as follows: 


(i) Capacity required of the forward channel. 
(2) Coding scheme employed. 
{3) Decoding scheme employed, including such factors as the efectivences 
of the operator. 
(4) Wase of the feedback channel. 
($) Criterion of acceptable performance, such as 
(a) Permissible error rate, 
(5) Permissible miss rate, 
(c) Importance of time. 


All of these areas are familiar to the reader from the discussion cf the 
comunications probiem In Section 8.2 above, and s number of the problema 
concerning at least some of the areas have been touched upon there. They 
should raquire, therefore, no additional diecuasion here. 

The pnysicai factors involved—thoso not considered specific to the 
game-—arée aa {cliows: 


(1) Capacity of the forward channel. 

(2) Distances involved. 

(3) Atmospheric attenuation. 

(4) Terrain factors. 

($) Condition of equipment. 

(6) Regulation of power supply. 

(7) Susceptibility of equinment, such as 
(a) Saturation, 
(b) Effect of nonlinear elernents, 
(c) Detectability by jammer. 


The first six of these factors are also important in the third category, that 
which, as noted, relates: most particularly to the countermeasures problem. 
To this third category, two more factors can be added: 


(1) The ability to take advantage of the detectability of the jamming 
target, and 


(2) The ability to transmit an adequate jamming signal. 


Once these three main sets of factors are understood, we may proceed to 
the question of the evaluation of a jamming operation. 
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us in the case of the radar problem, the effectiveness of the system cannot 
be mezaured at only one point, since to measure the effectiveness in this 
way isils to take lito account the relative importance of each of those 
facteurs which contributes to the evaluation, end leaves the observer in the 
dark concerniag the relation among those fectors, For this reacon, in the 
block dlagram in Figure 8-12, three points of measurement are indicated-- 
for signal jammung, recelver jamming, and observa; jamming—polnts which 
Go permit the isolation of the relevant fsctors and wiich should furnish « 
much sounder foundation for collecting information upon which to base 
future research and development pregrams. Let us examine each of these 
points in turn, therefore, to seo the relation among them and the relative 
effect each has on the evaluation of the countermeasures system as a whole. 

Tho first point of measurement. comes before the signal erters the re- 
celver and is the point for measuring signal jamming. As defined by Hok, 
this is ectually a measure of the ability to reduce the capacity of the channel 
up to the input of the receiver. Remember that capacity is defined in terms 
of the Information (in the special aense of communication theory) which the 
channel can tranamit. The jamming signal reduces tnat capacity and in- 
creases the uncertainty with which the signal is received. The menasure is 
made ax this point ratner than at the second point because any but an ideal 
receiver wil! further increase that uncertainty. An idea! receiver uses all the 
information at the input, and were such a one employed, then the mesure 
at point one (for signal jamming) would be the same es that at point two 
(for reselver jamming). In an actual case, however, the receiver will add 
additional uncertainty, end we wish to {solate the first important factor. 
This factor ls a measure of the additiona! entropy (the degree of random- 
ness) of the input sicnal as a .esult of the jamming signal. 

The second point of measurement is that fer receiver jamming. What 
we wish to laolate here is the degree of unceriainty which comes as e@ result 
of the receiver, that is, of qualities inherent in the equipment Itself. Measure- 
ment at this second noint requires, therefore, a measure of the additiona! 
entropy at thiz point, and then the {isolation of that part of the additional 
entropy which is due specifically to the receiver. Because realizable receivers 
have a finite range and nonlinear elements, the efficiency of the recelver 
may deperd upon conditicns at the innut. Consequently, if the efficiency 
of the recelver changes as the signal is jammed, then the rece!ver {is con- 
tributing to the entropy beyond that of signal jamming. Only with an idea! 
receiver are the measures at points one and two the same. To measure only 
at point two, therefore, will give a false estimate of the efficiency of signal 
jamming. Similarly, a neasure at only polnt one would ignore the fect that 
realizable receivers add to the uncertainty with which the signal is re- 
celved. Measures at both points, therefore, are required if we are to get 
an accurate estimate of the efficiency of the jamming tactic. 
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This concept will perhaps be further clarified {i it is considered in terra 
of a specific example. Consider « zhansel, the capacity of which is meaaured 
fn terms of bandwidth and the signal-ncise ratio, where oniy noise celevant 
to the signal is considered in calculating the ratio. Designate this capacity 
sa D. Now {f the measure {s made at th. input of the recelver, that iz, at 
our first polit of measurement, the effectiveness of signal jamming can be 
expressed by ths foilowing ratio: 


Do -: D; 


Do 


where Do is che cepacity of the channel without jamming and D, is the 
capacity with jamming. One can learn thereby the deyree by which the 
jemming signal has reduced the capacity of the channel. This then yields 
a measure of the effectiveness of the signa! Jamming. 

Let us proceed te the second point of measurement, that for receiver 
jamming. If the measure is made here, the effectiveness cam be expressed 
by the following ratio: 


MaDe — 4, D, 
Noy 


where "% is the efficiency of the receiver when the input signal js Do and N, 
is Its efficiency when the input signal !s D,. Whet we have done In effect is 
to modify the measure of tho effectiveness of the signal jamming by a 
factor of receiver efficiency to errive at an over-all estimate of the effi- 
ciency of the jamming operation to this point. This last expression can 
be rewritten as follows: 


D; dD; " 
fee ee Tree a 
Dy Dy No 


where [1 — (%/%)}] can be considere? tha effectiveness of the receiver 
famming. This rewriting of the formula !s useful because it {isolates the 
term[1 — (%/%)]. If one is interested in the susceptibility of the recelver, 
this is the factor which should be studied, because it expresses that part of 
the effectiveness of the Jamming operation that comes as e@ result of qualities 
inherent {n the recelving equipment Itself. 

Let us proceed further to the third point of measurement, that for system 
jamming. The third factor which enters here Is the efficiency of the human 
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operator, a factor which, as was shown in the redar problem Ir, Section 8.3, 
modifies further the efficiency of the system es a whole. To account for 
this third factur, let us extend the measure as it is rewritten in the para- 
graph fust above. It can be extended to 4 terms. If it is extended to three 
terms to take in the factor of operator efficiency, the meagure read: 


ae 2) 4 2 4 Se 
Ds } D5 Neo / Dyno Mite 


where the »’s are distinguished by thelr subscripts as %, the efficlency cf 
the receiver, and ;, the efficiency of the human operator. Just as the 
second step im the measurement process isclated a term useful in studying 
the susceptibillivy of the equipment, this expression isclates the term 
[1 -- ("xs/ixe)}, which can be considered tke effectiveness of observer 
jamming. This would Include the additional uncertainty, over and above 
that caused by signal and receiver jamming, which can be attributed to the 
human operator, This then !s the factor which should be studied if one is 
interested in the susceptibility of the human being. It expressea that part 
of the jamming operation that comea «bout because of the nature of the 
human operator. 

The total expression, which takes into account all three factors, describes 
the offectivenesa of the system jamming. Each of the factors in parenthes!s 
represents the effectiveness at one of the polnis of measuremeni: the signal 
jamming, the recelver jamming, and the observer jamming. Any measure 
which considers only the system us a whole fails to lsolate these three 
factors which contribute to the specific effects in any single test, On «¢ 
other hand, measures taken at each if three pointa specified In thi: } 
diagram in Figure 8-6 do pernilt thelr isolation. They provide a bats .or 
studying individual factors, such as equipment evaluation and observer 
efficiency. They should furnish, therefore, a more solid foundation for the 
collection of Information upon which future research and development 
programs may be based. 

The form In which there data should be presented, however, is still to be 
determined. It seems obvious that In euch stage of the measurement, the 
results of the measures are, to some extent at least, dependent upon the 
particular situation or game. The »’s are certainiy variable factors, theli 
values varying with the specific situation. This specificity must be realized 
and studied, not only so that we can understand the role of each factor 
in a specific game, but more especially so that we can eventually determine 
more general means of evaluation, means which can be used for a variety 
of specific situations. 
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A concrete example will perhaps clarity the ‘ssue here. What we are 
seeking are data which can be presented in & way similar tu that la which 
e manufacturer presents specifications on an oscilloscope, He dots not 
present a number which evaluates the equipment in terms of a particular 
uae the customer has fer tha product. Rather, he presenta a get cf cata 
whith permits the customer to caiculate the value of the product for his 
own use. The data are designed to permit this calculation for a iarge 
numocr of uses. In like manser, we muat find a means for presenting date 
in a way that will permit tae evaluation of not just one jamming operation. 
Rather, the data should be in such forms as will perrait those engaged in 
countermeasures programs to evaluate thelr own specie situations for 
themscives. 

We chouid seek, therefore, u general rather than a specific rule. Once 
we ate aware of this fact, we can state the fundamental probicem. Laboratory 
dais on jamming tests should be presented in this way: there should be 
a set of specifications permitting thelr use in evaiuaiing a large number 
of specific situations, rather than a number evaluating a specific situation. 
What the specifications should be, and the ways in whlch one uses them 
to estimate the results in a specific sltuation, are closely related quez*fons. 
The answers to them depend, however, on knowledge in arsas which are 
still relatively undeveloped. As has been siraassed throughout this chapter, 
the function of the human component in any system is one such ares. 

Particularly significant is an understanding of the way ir which the 
human being Introduces fiexibiity Into the total aystem, since his ability 
to incorporate ¢ drieri information, to function as a sequential ooserver, or 
to optimize information or utilitles can have a significant effect upon the 
functioning of any systera. Furthermore, his self-evaluating and eelf-adjusting 
qualities ma. lead to such Alexibility thet he might even be able to offset, 
at least partially, the effect of Jamming in s& communications system. The 
relatic:: of the human component to the system as a whois and hls peasibie 
effect on Its efficiency are, therefore, areas where considerable research Is 
certainly warranted. 


APPENDIX 
Mathematical Calculations of the Discriminability of Two Signals® 


The purpose of this appendix ts to describe the mathematical development 
of the deter:nination of the restrictions placed on performance In 3 detection 
experiment by the environmental conditions. 


*Tne mathernatical development presented here follows closely that of Peterson, 
Birdsall, and Fcx. 
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A signal is defined aere as a voliage waveform In a well-defined time 
interval, onc of two signals verturbed by noise is presented to an observer 
or a receiver. It is the observer's task to state which of the two siznals 
was contained in the input waveform. 

kn this analvais, the voltage waveforms, the algnals, are precisely defined 
functions of time, $,(2) and S,(¢), entirely contained within the observa- 
tion interval, ¢ to # + J. The prec'se definition of the waveforms means 
ths, if the waveform exists in the interval, the voltage amplitude at any 
instant {n time, é,, !s a precisely specified value S,. 

The perturbing noise is sssumed to be Fourler series bandlimited white 
Gaussian nolse which ja added te the signal. This set of assuriptions is 
made to permit discrete statistical analysis. Since the noise is series band- 
ii:nited, « nolse waveform within the interval can be oreciseiy specified 
by 2WT meaasvresa of voltage amplitude, where W is the bandwidth and 7 
is the duration of the intervai, The fact that the nolse 1s white implies that 
the power density Is uniform st every frequency within the band W. The 
Gausasien assumption requires the voltage amplitude of the nolse tc be a 
normal variate with mean zero and variance, or nolse power, V. The aseump- 
tion that the nolse is added to the signal states tnat at each Instant of 
time in the !nterval, the voltage of the input waveform x(#) is the sum of 
two voltages, the signal veltage and the noise voltage. 

The purpose of this appendix is to show how well an optimum receiver 
can do in the task of specifying which of the two weveforms S,(¢) or S;f¢) 
is contained in an input waveform x(t) when the receiver is iaced with the 
restrictions defined by the assumptions outlined above. The analysia treats 
the receiver as testing statistical hypotheses. Measures of performance are 
atatements of averares expected of the receiver over an infinite sequence of 
independent observations. 

It has been shown that an ontimum receiver bases its decisions on a 
Wkelihood ratio criterion, Eq (8-5). That Is to say, the optimum recelver 
accents one of the hypotheses whenever the Hkellhood ratio is 2 value greater 
than a weighting function §, otherwise it accepts the other. If monotonic 
transformations of both likelihood ratio and the weighting function are 
incorporated, an equivalent decision rule can be developed. The task of the 
analysis js to study the distribution elther of the Iikelihood ratio or some 
appropriate monotonic function cof the likelihood ratio first under the con- 
dition that une of the signals §,(#) exists, and ther. under the conditions 
that S,(¢) exists, 

In order to perform the analysis, @ sampling theorem based on the series 
bandiimited assumption is employed. The purpose of the sampling theorem 
is to permit the use of discrete statistics. It says essentially that the input 
waveform, the noise, and the signal can each be apecified completely by 
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2WT independent voltage amplitudes ( x(#) == 43, % ... Mawes) Sy(#) = 
Sys, Siig oe Sig 4528 51, gr, s3(#) _— 83, %y os 0 Maa Sow). From 
this it follows that 


aWT ‘+7 


DS sorsaw f Sea aawe, — (o) 
dm 


f 


where £, is the energy In the voltags waveform 5,(#), assuming that the 
waveform exists over a one ohm resistance, 
The iikellhood ratio {s defined as 


; Ja, cy (¥(8)) 
i[x(#)] = Tater (8-2) 


where fac) [*(#)] and fg, [*(¢)) are probability densities conditicnal 
upon the waveform x(#) resulting from §;(¢) and S(t) respectively. Since 
the 2WT points are Indepsndent and specify the waveform in its entirety, 


WT 
Ie wt ¥(4) ] =i fe (%;) 
and (8-3) 


awr 


Ja fe(t)] == TT fa (x) 
2 dm st 64 


Since m:(¢) is a normal variate, x, !s a normal variate with mean 5,, or 
Ss end variance NV, Therefore, 


Yi —(4— i 
we) =(s97) exp — Sud 


and (8-4, 


60) = (gh) og” 


Substituting Eq (8-4) in (8-3), and the result In (8-2) leads to the foliow- 
ing equation: 
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a op mee = aN 8-5) 
H{x(#)} ti exp LS (x oF at) }/2ay ( 
it is now aspronrizte to consider the natura! logarithm of the xellhcod 
ratio: 
In UIx(t)] = — RSet Bee ~ Hd mo — 25 %Sa + SSei! 


in i[x(t)] Sete Ee tae Pee (Be) 


Examination of Eq (8-6) shows that x, is the only variable, Since at each 
of the ¢ polnis x, is a normal variate regardless cf which signai !s prezent, 
the In (jz(t)] being a aum of Independent normal) variates is likewise a 
normal variate. 

t remains only to determine the means and variances af the two da 
tributions conditionai upon the inclusion first of §;(#) in x(¢) and Laer, 
of S;(4) in x(t). 

If S,(#) ts included, then the expected value cf each x, !s 3). Subsiituting 
this in Eq (8-6) and lettiug 34, be the mean of the In //x) conditional upon 
the Incluaion of 5; (#) leads to the result 


i,m 257 —~ BS? ~~ 2ESuwSa + FSa7 
os 2N 
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Defining Vj, = N/W and empioying the sampling theorem (Eq 8-i), Eq 
(8-7) becomes 


i E § 
My = Het Ge See (8-8) 


The last term is a correlation term. Letting 
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2B | 2Es (8-9) 


=VWV Ww? 
Substituting Eq (8-9) into Eq (8-8): 
2@, 2Es 


Mim Rt yen Ne Re (8-10) 


By examination of Eq (8-6), it can be seen that the moan Afs of the dis- 
tribution conditional upon the inclusion of 5,(¢) 1a the negative of 4d;: 


ee [2B [Be 
My = — FE Rt eae Ge (E-12) 


The difference between the means ia 


Ey 4, 2a e 2éy ay 
8 OS a AON Re (6-12) 
Now consider the variance v,? of Eq (8-6) conditional upon the existence 


of S,(#). The terms §5;,? and YS," are constants and consequently con- 
tribute no variance. 





2 = 4g ' 
a? = ABgs6 is — tate (8-13) 


Since the / points are independent and values of S,, and Sa, are constant 
for each 4, this expression can be rewritten as 


2(sS,, — o8,,58 
o,4 == ¥* (> ae >IT, (4-14) 


The expected value of 3x,* Is N by definition; therefcre, 


y — 29107 BSu® AES So 
mee WV 


Employing the sampling theorem: 


ao. @F, | 2h _ al, [2Ry (8-15) 
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It {2 obvious thet 
os? =z 05! 


Thus the two distributions sare normal with equal variance, The value 
Gf d’4,, for the eptimum receiver is the difference in the means divided 
by the stendard deviation: 


» _ | 2B | 2B,  . FRE, [Zz 
dao = | ye + ie Zp . . (8-17) 


it should 5a pointed out that p, a correlation term, describes the correla- 
tion between tne matlematical description of the two signals. In the case 
considered In tho text, the two signals are pulses of sine waves, differing 
only in amplitude. In this case p = 1. Therefore 


tam (th — [tho J (8-18) 


where 


(+T 
Ba =f (S(t) ~ S40)" 
$ 


it is necessary to point out again that the result depends on the par- 
ticular set of assumptions described at tho beginning c! the sppendix. if 
the assumption eof series bandlimit had been different, the result would 
have been different. For exampie, if the noise is assumed to be tranaforra 
bandiimited and therefore analytic, Slepnian has shown that the algnal is 
perfectiy detectable since in this case the nolse is deterministic from — ec 
to -+co, Proofs of perfect detectability require mathematically precise 
measurement. Any error of mes«urement, no matter how small, invalidates 
the proof. So far the assumptiona employed indicate that If the signal is 
finitely detectable, the series bundlimit assumption at least leads to a result 
neariy that of any other set of assumptions so far examined. The Fourier 
series bandlimited ecsumption is therefore accepted as adequate fur the 
present. 
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The Intercept Receiver 


W. R. RAMBO 


The intercept recelver takes many useful forms. A large receiver of elab- 
orate design may constitute the primary unit of an electronic intelligence 
(ELINT) intercept system; as such, it must operate in an Integrated man- 
ner with antennas and data handling units of appropriate complexity. A 
second receiver, one featuring small size, light weight, and simplicity, might 
be a primary alerting device in bomber defense. A third receiver might be 
30 completely integrated rh, uically and electrically into a jamming system 
as to be scarcely recognizable as a receiver. A fourth might be designed to 
At convenientiy Into a brief case. The keynote here is variety—in opera- 
tional use, in signal environment, in the physical requirements imposed on 
the receiver, and, consequently, in the practical forms of receivers curzently 
In use, Present technology dees not permit a “universal intercept receiver.” 
There is no single basic receiver technique that {is close to being optimum 
for all uses (see Figure 9-1), 

Deapite the important variations, Intercept recelvers commonly employ 
standard basic receiver circults—superheterodyne, tuned-radio frequency 
(TRF), etc. Substantial divergences in detall are found—in bandwidth, tun- 
ing mechanisms, etc. Some operational situations justify the continued utillza- 
tion of receiver types largely displaced in other instances by more common 
circuits. Thus, direct-detection recelvers, superregenerative receivers, etc., 
are used on occasion and their use is by cholce-—because they best fit the 
needs of the job at hand. 


9-1 
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Frovar 9-1 Intercept ayatems. (6) A complex reconnaissance center. (b) A compiez 
receiver. This system covers 90 megacycles to 19.75 kiiomegeeycles with 5 rf tuners, 
shown in the top of the photograph. Two switch assemblies are shown at lef: center 
and center. At right center are 2 !-f amplifier units. The power supply fs at the lower 
left and the indicator contre! at the lower right. (c) A “preket” rezelver. This unit 
covcrs S-band with a tuaabie cavity. In addition to the antcnns and earphone which are 
shown, it contains a crystal detector, audio amplifier with gain control, and battery 


power supply. 
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This chapter is concerned in particular with microwave Intercept receivers, 
It is not feasibie to describe in detail each existing recelver having practical 
value; there is not tha space, and the rapidity with which the recaiver ple- 
ture Is changing would outdate such materlal very quickly. Instead, there 
first wiil be repeated from earlier chapters certain material on operational 
problems, Interrept techniques, etc. The juatification for the repetition Hes 
in the emphaela here on aspects bearing directiy both on the design of inter- 
cept recelvers and on the selectlon and employment of particular receivers 
for some comimon uses. The ebjective wili be to Gescribe why ECM iater- 
cept receivers must and do differ in detail froz: other microwave recelvers of 
similiar basic designs. The material will then relate to this backgrounc ap- 
propriate interpretations of the common receiver performance parameters— 
nolae-figure, bandwidth, sensitivity, fidelity, etc. The discussions will presume 
a general knowledge cf conventional receivers, cirvults, and components; 
they will emphasize the differences which must necessarily appear In the 
Cesign and utillazticn of intercept receivers (Reference 1 and Chapters 23 
through 35 of Reference 2). There wiil be discussiona of the severa! im- 
portant recelver types currently In use. A listing of intercept receivers {s 
given in Reference 3. And there wili be reviews of the principal problems 
which Influence receiver design and of some Innovations In circuits and com- 
ponents which point the directions of future trends. 

To mainteln the goneral nature of ‘he review, the maior attention will be 
aevoted to discussions of types of receivers rather than to descrij iions of in- 
dividual, current recelvezs. 


9.1 Some Factors Affecting Intereept Recelver Design 
There are unusual factors, operational and technical, affecting the design 
of intercept recelvers. 


(1) Lack of a priori Information 
Perhapa the most significant over-all distinction between Intercept 
receivers and other types Is the fact that the former must operate 
without @ priori knowledge of the electronic characteristics or physical 
location of the algnals, Rzdar receivers, by contrast, have complete 
knowledge of the signal frequency, pulse repetition frequency (p7f), 
pulsewidth, possibly an estimate of signal arrival time, etc. The initial 
reconnaissance receiver tasks are to find (intercept) and to Identify 
or recognize the signals in a short time. In ELINT, any concern with 
niessage content is often of secondary importance. Further, the ma- 
jority of intercept receivers must be expected to collect and process 
a number of unreiated signals simultaneously. The terms countercept 
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and synchrocept have been suggested to difteventiate between the 
reconnaissance recelver situgtion and thet in which at least the ma- 
jority of he signa! characteristics are known. 


leahility to Use Integration Tech~iquaes 

Because of the wide variation !n the electrical characteriatics of sig- 
nalz, the opportunities jor aid to weak-signal detection vie aslgna! 
integration (as in a typical radar cpzration) ere apt to be absent. 
Built-in integrating devices imply a griori infcrmation, usually un- 
avellable, or an unusual concentration cf interest on a perticular 
type of sigrni. There is generaliy a direct signal amplitude vereus 
noise amniitude competition in the detection process such that prac- 
tical recelver sensitivity (in terms of usable signal-to-noise ratio) is 
often much less, for example, than values usable in a radar receiver. 


Complexity of Signal Characiertstics 

The basic Intercept tasks become increasingly difficult with time 
because of trends in signal character. To avoid detection, or to svold 
countermeasure action, modern weapons aystems signels are fre- 
quently subjected tc vrogrammed or even rancor variations ia 
character (in radio frequency, prf, pulsewidth, etc.) during & trans- 
mission interval; the resuit is to greatly magnify intercept and 
idontification problems. Thus, the value of precise measurement of 
radio frequency (a prime identifying parameter in ordinary circum- 
atances) must be viewed with some qualification in the era of pulse- 
by-pulse frequency jump tranamisaion, rapid tuning capability in 
transmitters, etc. In fact, a receiver having the resolution and sta- 
bility to measure radis frequency accurately mey be at some sub- 
stantial disadvantage in detecting certain types of signals. 


Divergences in Operationa: Regulrements 

In contrast to electronic countermeasures in general, whose primary 
value is in tactical missions during hostilities, there is a substantia! 
need for Intercept recelyers during both “cold-war” and “hot-war”’ 
periods. The many differences in physical environment, in signal 
conditions, in operational use, and in the relative values of differcnt 
types of data for these divergent applications combine to justify the 
development of different receivers tailored particularly to the dif- 
ferent eras. Even within the cold-war peziod, there are surprisingly 
different uses for intercept receivers that dictate ths need for a tre- 
mendous versatility in receiver design and employment. The de- 
mands for Intercept information in the cold-war perlod range from 
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assessment of an enemy's research and development aciivitlas, to 
monitoring the operational deployment of radar equipmeris, to deter- 
mination of Intention to attack, to Immediate verification of an actu 
attack. Since the iniiietion of hostilities mzy weii be in the hands of 
s poientlal enemy, a developed capsbillty for all phases of ELINT 
activity is cbviously desirabie. 


Divergence i, Physical Requirement: 

The varlatiuns asked for in physical design ars tremendous. Thus, 
receivers era designed for instatiation in surface ships, submarines, 
complex ground-based detection centers, motor vehicles, aircraft, 
reconnaissance satellites, hats, brief cases, atc. The environment! 
extremes in shock, vibration, temperature, altitude, etc., are fully 
the equivalent of these imposed on the electronic systema whose 
aignals are to be detected. 


Wide Frequency Ranges to Se Monttored 

In general, the intercept recelver must monitor a tota) radio-frequency 
band substantially in excess of the frequency ranges of the Jadividual 
sicasis of the électronic systems to be detected within this bend. 
This introduces major technica] considerations in wideband cir- 
cultry. The d-c-to-lignt concept was never more applicable. 


Wide Dynamic Ranges Encountered 

The wide variations In received signal level that must be anticipated 
ere enormous. Because of the one-way tranzmission to the intercert 
recelver (versus the two-way action that may be involved in thie 
operation of the signal emitting system), signal levels are apt to be 
hign—high sensitivity sometimes is unnecessary (and undesirable 
because of the possible introduction of lower level interfering signals). 
But In contrast, the intercept receiver may, in another circumstance, 
be faced with the task of intercepting a low-power transmission via 
radiation from minor lobes of a transmitting antenna, and from 2 
great distance—a situation arguing for the maximum sensiilvity. An 
intercept receiver of generai utility, then, must be prepared to operate 
over a very iarge dynamic range. 


Complex Duta Handling Problem: 

In situations where a high data rate (occasioned either by a large 
nutaber of signals to be monitored or by the desire for detailed 
technical information about selected signais) must be handled, the 
intercept receiver must frequently operate jargely on an automatic or 
semiautomatic basis. Therefore, the recelver performance versatility 
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often must be reta'ned in automatic or semiautomatic operation. If 
the employment of an operator, or operators, is feasible, the con- 
sequent reduction In complex automatic circuits may be largely offset 
by the »ecessary inclusion of specie! display ane control ¢lircultzy 
leading te the best utilisation of the operator. 


(9) Presence of False Signais 

There must be a continuing and unusual concern with false signais. 
“False” refers to more than the internally generated spurious 
responses sometimes encountered in receivers, or io the resulta of pro- 
pagation anomalies. It relates to the off-frequeacy signals gencreted 
in high-power transmitting tubes; such signals, while reduced 
in ampiltude far below the normal frequency level, still may renresent 
e very subatentiel radiation energy. There is always the threat of 
decoy signals produced by an alert enemy to capture the attention 
of the intercept aystems. There is the threat that certain signal 
characteristics used to “fingerprint” signals (antenna scen ates, 
prf, etc.) are being subtly modified by the enemy to lend confusion 
to the operation, While !t is not within the province of the intercept 
receiver to make fundamestal decieions in such matters, it is [mpor- 
tant that the Intercept receiver not introduce further confumon by 
an inability to handie the recelved date without further distortion 
or modification. 


—— 


Intercept receiver technology Is in a continuing state of change. New 
receivers are developed nct only to reflect the recent advances in more 
versatile circults and components, but to meet, as well, both new operational 
uses (in missiles and sate'lites, for example) and new problems imposed 
by the ever-changing electrical! and environmental characteristics of the 
signais of interest. Yet, in all cases, there sre ceriain underlying relationships 
which in some form affect intercept recelvers. There are baalc operational 
conditions which affect the choice of raceiver circults. There are linsitations, 
advantages, and compromises In basic recelver techniques which affect the 
initial Geaign of a particular recelver. There are aapects which affect the 
selection of a receiver for a particular job, or which determine the optimum 
employment in field use of the selected receivers. These are the factors 
considered in this chapter. 


9.2 Two Important Operational Requirements: Intercept Prehabil- 
ity and Signal Selection 

The principal job of the intercept receiver is to provide information on 

the existence and nature of various signals—usually in the minimum pos- 
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sible time. The detailed questions asked of an Intercept system mighs be 
one or more of the following: Are there any signals present? What ara the 
electrical characteristics of and directional bearing to those signals presentr 
Is there a signa! present having certain prescribed characteristics (perhaps 
{a frequency, pulsewiath, pri, etc.)? Is there a signal present which is 
tracking the locatlon of the recelver? Is there a new signal present (new in 
the sense that the trans:nission has fust been added to the genera! signa! 
environmen:)? Is there an unusual signal present (unusual in the sense 
that it possesses charactez.atics not found In the current cataiog of signals)? 
Is there a signal present that evidences certain characteristics of motion 
(perhaps identifying a missile or aircraft tranemission)? Are there c-w sig- 
nais, *M signals, single sideband (SSB) signals? Ie there evidence of 
simulteneously or sequentially pulsed transmissions on adjacent frequencias? 
in adjacent bands? In widely separated bands? is there a particular singie 
signal In existence the mere presence of which conveys important iniorma- 
tlon? Is there a change !n the generai pattern set up by many signals (is- 
crease or decrease in density, genera: geographical disposition, etc.) which 
carries immediate tactical implications, perhaps as to an Imminent missile 
‘ring, w realignment of ground forces, a relocation of « base, etc.? The ist 
is almost endless. It Is apparent that no one Intercept svstem wiil answer 
a!) such questions optimally. 

Regardiess of the epecific questions appropriate to the problem at hand, 
there are certain general aspects of the Intercept that always must be con- 
sidered: {1} the nature and amcunt of information to be developed for 
each problem signal (knowledge of mere existence versus determination of 
detailed characteristics), (2) the forme in which the output data are to be 
provided (lamp indication to an operator or camera; panoramic presentation; 
an electrical output sultable for computer processing, for recording, for re- 
transmission, or for control of othes circuits, etc.), (3) the time avatlabie 
for data Interception and processing (very short In the case of initial attack 
warning versus relatively long in the case of certain cold-war reconnaissance 
and monitoring procesues), (4) the environment {n which the receiver must 
operate (this encompasses both the physical environment and the signa! 
environment). 

Many ef the practical Implications of the ebove items In recelver design 
arise in the consideration of two factora closely {dentified with Intercent 
receivers, The degree of intercep: probability defines the basic ablilty of the 
receiver te provide, within an acceptable time interval, reception of a trans- 
mission; the term considera the typical elapsed time between the Initlal 
existence of a detectable signa! and the initial reception. Signas selection 
relates to the further ability of a receiver to separate a signal for additional 
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treatment, and pessbly to identify an intercepted signei as being of a cer- 
tain type or class. It refers to abilities to measure signal characteristics, 
and/or to select signals ov the basis of eloctiical characteristics or opera- 
tional behavior as being uw. ‘e and, therefore, worthy of particular interest. 
Mote thst the term Intercept probability is frequently broadened in meantuag 
to imply the ebiiity to identify signa] characteristics es well as to determine 
mere existence. This f= particulariy logical in discussing reconnaissance re- 
ceivers, However, a separation of functions (into intercept probability and 
sigrial selection) is useful in considering the technical details of the receivers. 
These topics have received special treatment in Chapters 4, 5, and 4; the 
concern here is with their influence on recelver design. 


9.2.1 Intercep? Probability 

A basic requirement for the principal job of the Intercept receiver is Aigh 
intercept probabilséy, and no other alngle design objective has exerted such 
jafiuerice on t..e development of Intercept receivers. 





Teempmitter Ud hain 


Froure 9-2 A typical radar intercept problem. Scanning antannas are involved at both 

transmitter and receiver sites; the recelver scans en incremental acceptance Landwidth 

Ay acrow a total monitored frequency range of f,,. Under direction and (requency (/y) 
coincidence conditions, s limited number of radar pulses would be intercepted. 


A basic radar intercept problem is outlined In Figure 9-2. Therein {s 
depicted a tunable intercept receiver cperating with a programmed change 
(scan) in frequency (an Jncremental acceptance bandwidth A/ is tuned 
periodically through f,,) and utilizing a rotating directional receiving an- 
tenna. The radar !s presumed transmitting on an unknown frequency (fy) 
within the tuning range of the receiver (f,,) in a varying directicn as con- 
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trolled by its rotating antenaa. For invercept, the frequency scan process 
must have tuned the recelver to the proper frequenc, at a time during which 
2 signal of detectetie araplitude is delivered to the receiver iscation. This iz 
most Ukely te occur when the receiving sntenna is almed at the radar and 
when, simultaneously, ihe radar antenna ic scanning through the beering 
to the receiver. These conaitions must persist for a time long enough for 
the recelyer to establish the identity of the signal av such. For tentative 
identification cf conventional redar transmissions, this may almply mean 
that the receiver must net tune through the radar frequency in the intervel 
between pulses. If knowledge o: algnal prf {s required, the recelver must 
remain receptive to the signa! long enough to intercept at least two con- 
secutive pulses. If programmed or random variation: of emitter charac- 
teristics are to be anticipated, the requlrement encompasses correspondingly 
longer times. 

Note that there are several scanning processes involved. The probability 
of ihe necessary time-frequency-direction coincidence is Indeed emall. As 
the scanning processes ure reduced in number, the tlie probability situation 
improves rapidly; however, it is inevitable that as the number of scanning 
processes is reduced, the sensitivity of the system ‘ns also reduced, unless 
corresponding complexities arc incorporated (mvuitiple antennas, chennelized 
iront-ends, etc.). In comparing the relative merits of varleus cholces and 
combinations of scanning processes, it is Important to consider not only tae 
sensitivity and degree of signal selection attainable, but the poasibie restric- 
tions that may be Imposed on the quality of signal information (pulse shape, 
modulations, etc.) and on the receiver data rate (number of signal char- 
acteristics than can be measured, number of signals that can bo simultane- 
ously monitored, etc.). Fortunately, it {a frequently possible, at least for 
initial intercept, to use an omnidirectional receiving antenna (9. = 360°). 
Further, it may be possible to use a non-scanning «sceiver wide-open in 
frequency such that it continuously monitors the entire assigned r-f band 
(Aj =: f,,). Only one scanning process then remains (that of the radar 
gntenna) and & signal of sufficient amplitude would be detected as soon as 
the radar antenna scans through the receiver bearing. Alternatively, a 
narrow-band (narrow A\/) frequency scanning receiver might be used; this 
presumes a higher senaitivity such as to assure the capability for detecting 
the radar transmission through minor-lobe radiation. Detection, then, would 
not require the radar beam to be directed at the receiver. Again, a single 
scanning process remains (that of the receiver in frequency) and the radar 
could be detected as soon as the tuning program adjusted the recelver to 
the radar frequency. 

The situation in which the radar signal Is detected through minor-lobe 
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radiations or through energy scattered from site obs‘acles is common. The 
wie of this intercept process Is implied as optional; its use frequently is 
mandatory {f there 's some e#trong Iikellhoud that the radar tranemissioi 
would not periodically be beamed at the receivor (as is true with some 
wespone systems, or at some receiver locations). Fortunately, fieid measure- 
ment data indicate substantial radiation from minor antezna lobes and from 
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aite reflections in many typical cases as shown !r. Figure 9-5. The same Is 
generally true as regards rudiation toward the zenith, a eituation of impori- 
ance in high-altitude reconnaissance. Agalr., measurements show average 
senith radiation from a typical ground-based radar antenna to be, com- 
moniy, only a fow decibels below that which would be radiated from an 
Isotropic antenna. Some Interesting results of such measurements are con- 
tained In Reference 4. 

The variations to the general Intercept problem are many. The radar 
transmission may be of very short duration, the frequency might not be 
constant from pulse to pulse, etc. Much of the design philosophy cf Iinter- 
cept receivers is based on the need to adjust conditions (scan processes, 
bandwidths, etc.) to handle optimally the many variations. 

Simply stated, a high Intercept probability exists only when there is a 
high probability of intercepting a particular signal, or group or class of 
signals, in an operationally acceptable short time. Thus, e almple, broud- 
band crystal-video receiver of low sensitivity might provide the optimum 
intercept probability In a bomber defense problem where practically Instant 
warning of a strong, local signai is aii that is desired. Yet that same recelver 
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would have no practical intercept probability {n general reconnaissance for 
distaat signals tco weak to be detected by the crystal-video device. For the 
latter task, a siowiy tuned superhetsrodyne having a narrow acceptance 
band ‘aud 9 consequently higher sensitivity) might provide et least 2 pos- 
sibliity of success in detecting the week signal. Yet the superneterocyne 
might be relatively uselesa (because of the slow scan in frequency) In the 
epperently raore simple warning task in bomber defense where time is of 
the essence. 

High Intercept probability in an Intercept system implies, first, « Sufficient 
senaitivity In the recelver to permit detection cf the signals of intersst. Be- 
yond this, it impHles particular abilities to insure detection. It guarantees 
certain r-f bandwidth and tuning characteristics such that thera is a Aigh 
probability that tho receiver will be recept've to the frequency of transmis- 
sion early in the transmitting interval. It suggests that beamwidth and scan 
characteriatics of the associsied antenna will favor recertion from the direc- 
tlon of the elgnal during the transrnjiting interval, and {t indicates that 
there are characteristics in the receiver ald'ng the recognition of a signal, as 
auch, in the presence of nolse and other signals. 


G.2.2 Signal Selaction 

Historically, an intensive search for special receiver techniques some years 
ago produced several importart advances In receiver design contributing to 

igher Intercept probability, This general success, in turn, has emphasized 
an accompanying problem—that of segregating, analyzing, and recording 
the wealth of data developed in a high-algnal density environment by the 
“Improved” -ecelvers. Thus, along with the more obvious general receiver 
design requirements of (1) a satisfactory intercept probability for the signals 
of interest, and (2) a design consistent with the nature of the physical en- 
vironment in which the receiver will be used; there is now « general recog- 
nition of the possible need for (3) a special ability to operate in a prescribed 
hign-censity signal environment, and (4) a design consistent with perticular 
resuirements for data read-out, analysis, recording, etc. 

There are several design approaches to Items 3 and 4. Ii reconnaissance 
for strategic intelligence purposes is the primary objective for the intercept 
recelvers, an attempt is sometimes made to develop a receiving equipment 
of such versatility that it can handle all signals in a complex environment; 
the intercepted data are processed and cataioged immediately In great de- 
tail by the eld equipment. Alternatively, the fidelity of detected signal 
reproduction of the recelver is made such that, in conjunction with a wide- 
band recorder. a record of the full signal environment can be made with an 
accuracy and detail such aa to permit subsequent analysis under moie con- 
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venient anulysia conditiens. A major value of this second approach Iles in 
the ability to re-examine the data in a near-orlginal form in order io answer 
secondary questions that might jater be posed. An important probiem may 
remain if the recording muzt be restricted to envelope characteristics; signal 
identifying features contained In small unintentional variations Jn radio 
frequency ov phase might be lost, as well as intentional variations thet are 
fundamental to the operation of the Intercepied system (FM pulse coin- 
pretsion, etz.). 

These are standard approaches cf obvious validity; they need no further 
discussion. They are safe in that the chances of missing an iraportant bit of 
data are minimized alnce, theoretically, all signals are examined and treated. 
However, these spproaches, of necessity, require complex fleid equipment. 
These schemes are sometimes combined in complex systems; the usual {n- 
tention then ‘x to record only those unususl signals which require further 
analysis. 

A useful alternative approach can be explelted If a less general reconnals- 
sanca task is at hand, or !f the recelver is to be used as a warning device, 
or as a signal selector in a jammi.gz operation. Some signal presegregation 
can be employed, commonly by an electrical presorting within the receiver 
itself, such that the output contains only those signals which meet certain 
prescribed character!stics—in frequency, puisewidth, pr!f, polarization, modu- 
lation, antenna scan, amplitude, etc. (Only two or three of these parameters 
are ordinarily exaimined in a single equipment.) The details of these few 
selected signals are then read out or recorded. 

In a sense any acanning receiver which has an incremental bandwidth less 
than the total r-f spectrum assigned for monitoring necessarily does ‘signal 
sorting” in that its attention at any time is restricted to leas than the total 
picture; it does not receive all signals all of the time. However, thin fact {s 
the busis cf « major intercept probability problems in receivers employing 
frequency scanning, and such frequency selectivity may not, In those cir- 
cumstances, be a useful presorting technique since the resulting reduction 
of data is on a substantially unplanned basis. In particular, Intercept and 
analysis of the significant parameters of a modern radaz: utilizing rapid varia- 
tlons Jn transmitted frequency would be far from optimum. 

The oblective of cignal sorting is to reduce In a logical, selective manner 
the amount of data that must be subsequently treated by an operator or by 
associated analyals, recording, or control circultry, The success jz dependent 
on how well a signal, or class of signals can be uniquely Identified by a few 
sorting parameters; the Job obviously becomes more complex in high-signal 
density aceas. Fortunately, certain types of signals can be selected quite 
simply via the use of two or three sorting parameters such that remarkably 
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simple receivers (but of restricted general utility) can be devised for special 
purposes. 
There are restraints imposed on the practical utility of the various 
schemes for presorting, presegregation, automatic signal recognition, signal 
identification, etc. 
There is first the concern with whether or not a signal can be uniquely 
identified through measurements cf a limited number of characteristics. For 
zome signals there is no basic problem; but other important signals may 
differ but little from the many signal types which compose the total environ- 
ment. Signals tend to group together, particularly in frequency, as Is evident 
in the plot (Figure 9-4) of the frequency disposition of 90-odd S-band 
signals intercepted in a short filght along the California coast. Fortunately, 
the grouping is not nearly so pronounced In certain other charecteristics ‘ 
eeajilustrated for pulsewidth and prf of the same S-band signals in 
Figures 9-5 and 9-6 respectively. Figure 9-7 is iliusirative of the general : 
sorting problem and shows the cataloging of S-band signals into a number 
of bins that would be brought about by sorting through measurements of 
several common signal parameters. (it should be noted that two parameters | 
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Fiouar 9-7 Signal sorting brought about by sequertial sorting processes (95-slgnal £- 

bang eample), Puleewid:h accuracy; 10%; prf accuracy: 6%; ecan-rate accuracy: 12%; 

frequency accuracy: 50 megacycls. Individual parameter resolution capabilities: prf, 3 
algnals; scan rate, § algnals; frequency, 7 cignals. 


may not be really independent; pulsewidth and prf are often not.) The ob- 
jective of the sorting is, of course, to have as few signals per bin as possible. 
Not evident in Figure 9-7 is an important additional “sorting in time’ 
brought about automatically by the scanning of the directional antennas as- 
sociated with the signals and by the travel of the recelver (the sample was 
gathered by a receiver in an aircraft). 

A second aspect of the sorting process, once the paremeters to be sorted 
have,been chosen, is the order in which they can optimally be handied in an 
intercept receiver. Certain sequential arrangements are usually suggested by 
the time required to measure each parameter, but Important alternatives 
involve simultaneous measurement of certain combinations with perhaps a 
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coincidence of values of these parameters reoulred before further surting Is 
ettempied. Sor example, frequency and direction cen ve obtained un a pulse- 
by-pulse basis and e subsequent correlation o: both of these parameters 
demanded by the equipment before prf (or interpulee Interval) is measured. 
The simplification in prf measuring circultry reaulting from this presegrega- 
tion of interlaced and unrelated signcls can be considerable. 

There is 2 third agpect, one over which the equipment designer haa little 
control—the quality and quantity cf slynal data available to the receiver. 
This afiects system operation regardiess of inclination toward treating all 
data or only presorted data. Propagation is a major factor in distorting the 
data available to the receiver for measurement, Figure 9-8 shows a i-micro- 
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Fiounze 9-3 Pulse ‘trains’ produced by terrain 

and site reflections. Successive “A-scope” traces 

are shown with a 10-microsecond time base, The 

overlapping dizect pulses produce the solid paint 

in the initial microsecond. The scanning of the 

S-band radar beam produces the veriable re- 
flecticns. 
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second pulse as received at a ground site In combination with reflected 
energy from terraln features. If the time delays resulting from multinis-path 
propagation sre graster than a pulsewhita, the resulting signai 13 rece!ved 
with one or more distinct echoes, The energy level of these echoss fa much 
lowes than the direct - uth signal if the radar antenna ia directed tuward the 
receiver, However, when the receiver sensitivity ia aufficient to receive minor 
lobes of the radar via direct path propsgetion, the corresponding reflected 
echoes of the main lobe can have equal or greater ener’. “hus, extraneous 
pulses can be received whose width will, in general, be different from that 
of the transmitter, Witheut adequate precautions in the equipment, these 
cance = “th false maaaurements and incorrect implications ebout the num- 
ber of .... vers present. (Site and tervain reGections account in large part for 
the substantial minor lobes associated with the S-band radax antenna pat- 
tern plotted in Figure 9-3.) A pulse is chown in Figure 9-9 following trans- 
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Fioune 9-9 Effect on pulse shaps of multipath propagation between 
fixed points. Succcesive 2-microiecond S-band pulses are shown in 
three groups displaced in time by a few seconds. 
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mission through treea; mul- 
tipath distortion effects on 
shane are evident. The ap- 
pevent time variations in the 
bearirg to a tranamitter 
invoived in an S-band trane- 
horizon transmission via 
troporpherlc scatter ars 
shown in Figure 9-10; the 
succeseive traces are only 
0.! second apart. Signal 
density often appears as a 
major problem, the quantl- 
tiea of signais with which 
the circultry may have to 
Fiovas 0-10 Bering variatioa i Leyond-horlson §- contend in some instances 
band scatter signa! as a function of time. Four S-second afe staggering (References 
campias are shown. A 0.5° beam scane a 3.8° sector § and 6). 
esch 0.1 second, The true boaring is aligned with the Presuming there is some 
mentale: of tes: THES. justification for ettempting 
a presorting of signals, a third cuestio. then arlzos. What is the necessary 
measu.ement accuracy? An important control on refinement of receiver measur- 
ing abilities is set by the value that can be attached to the readings. Qualifica- 
tlona are introduced by the factora outlined earlier—the spurious signals, etc. In 
situations requiring emitter paremeter details as a matter of technical intelli- 
gence Information per s¢, absolute accuracy of measurement may be signifi- 
cant even !f only one algnal is receivec at a time. A high degree of measure- 
ment accuracy might also be required In correlating intercepts made from 
diferent geographical locations or recorded at different times. In other situ- 
ations, where a capability for presorting elgnals is the prime consideration 
in establishing accuracy requirements, some latitude may be permissible. 
The discussion te follow is concerned with the implications In presorting 
signals, and other circumstances in which it is legitimate to queaticn the 
need for high measurement accuracy and Its attendant cost in equipment 
complexity. If all pulse signal repetition rates were fixed—-say 300 pulses 
per second—there would be no need to measure the repetition rate. If there 
were only two rates, perhaps 300 pulses per second and 2000 pulses per 
second, the measurement accuracy could be very coarse indeed, yet be com- 
pletely useful in identifying the proper one of the two categories. The ac- 
curacy need be no greate: than that required to establish meaningful differ- 
ences. However, these differences are sometimes smali, for example, when 
it is desired to identify a particular transmitter unit of a class by .mall 
differences in signal parameters—-to fingerprint a radar by noting that Its 
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pulse repetition rate lz 299 pulses per second rather than the norma! 209, 
This process legitimately calls for a high relative measurcment accuracy; 
the resulting informaticn can be of substantial vaiue when there is some 
certainty that the minoy parameter perturbations do not vary with time (by 
chance, or by the dasign of some uncooperative victims), 

Finally, can serting of the precision required be accomplished iechnicaily 
with reazonable circuliry and {n a reasonable time? Theze sre genuine preb- 
lema ir devising avtomatic circuitry which measures pulsewidths over very 
wide dynamic ranges; which relates properly the pulesz in interlaced pulse 
traing; which measures signal polarization in a definite way; which deter- 
mines antenna scan rates o: scan patterns; which defines moduiation types, 
ete. Fortunately, the precisicn required in the messurement of ony one quan- 
tity drops as the number of signal parameters taken In crmbination {a the 
Identification !s Increased. The rneasurement accuracies tabulated in Figure 
9-7 are typical and are not unreasonabie in simple equipments. 

This section has emphasized some problems faced in certaln aspects of in- 
tercept recelver development and utilization. Tha purpose fs to account for 
and justify some unusual practices in intercept receiver circultry, This re- 
counting of so many problems may carry Implications aa to the vaiue of the 
intercept operation. There is none Intended; there are ample demonstrations 
of the utility of intercept receivers and of the practicability of derlying com- 
plex information of great value through their use. 


9.5 Intercept Systems 

Section 9.2 introduced a number of typical questions asked of an Intercept 
receiver, such as: 's there any algnal present? What are the electrical charac- 
teristics of the signals? In reality, these are translations of much broader 
questions that are sometimes important far fren the field of electronic recon- 
nalssance or warning. Some of these might be: What {is the dispssition of 
an enemy's land or naval forces? What is the electronic order of battle? 
What is his ability to defend or actack? What is the state of his technology? 
What are his intentions about surprise attack? Has an attack been launched? 
Is there 8 weapon system traized on an aircraft or submarine? 

The answers to such questior ' may be provided at least partially by slgns! 
intercept alone; ordinarily, ho er, an Intercept system will be required for 
the total job—to provide all possible primary data, to translate the data 
into meaningful answers, and to transfer the answers to the Intended user 
in an acceptable time. 

The basic intercept job may be done with simple equipment— antenna, 
receiver, and indicator lamp. Sometimes a much more complex assemblage 
of subsystems is required. In any event, the intercept receiver alone is the 
concern of this chapter. In practice, the influences of the characteristics of the 
antenna and of the associated processing and display circuitry cannot be 
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ignored in Intercepit receiver design and utillesiion. The importance of those 
matters jusiifies treatment fn « full chepter; accordingly, antennas and their 
influences are discuased in Chapter 29, direction finding is covered iz: Chapter 
16, and analyels and dispiay problenws are treated in Chapter 12. . one as- 
pects of a syetem are subject to some control in equipment ceeion snd wutil- 
ization, Propagational effects here offer some contrast Dui may weil be of 
equal importance In the successful utilization of a system—particulatiy in 
those circumstance: involving diffraction and scatter effects. These matters 
are covered in Chapter 3. 


9.8.1 Receivers as un System Component 

Beyunc the simple system as visualized above (antenna, recelver, and indi- 
cator), the complexity of certain intercept problems justifies the utilleation 
of substantially more complex systems. Correapondingly, more complex re- 
celvers epnear ja such systems. Ordinarily, the r-f spectrum to be monitored 
wit! exceed the tuning runge of a single receiver. Thus, an intercept receiver 
might have several tuning heads (covering ifferent r-f bends); or if silmui- 
taneous monitoring of the several bands were of paramount importance, 
“everal reccivers might be devuted to the total syatem problem. Each would 
be associated wita its own antenna, and there might be substaztiai differerces 
in Individual receiver design as required to doveiop acceptable characteris- 
tica in the different r-f ranges. It is Hkely that some interrelation of the out- 
put date would be employed vie a composite read-out unit. 

Even if only a single r-f bend were to be monitored several receivers might 
be employed in combination in a system. It Is not uncommon to utillze a 
guard (alerting, warning) receiver featuring special intercept capabilities 
first to detect quickly the presence of a signal, and then to ald the utilization 
of a second, analyels (precision) receiver for detailed sig.sal inspection and 
read-out. A third, d-f receiver {s sometimes employed with an associated 
directional antenna. Several receivers might be incorporated into a sysiem 
with the division of utilization to be based on rutomatic, semiautomatic, 
and manual operation. This usually brings about a cozresponding segregation 
of data such that the numerous routine signals are handied automatically, 
the fewer, unusual signals receiving a more detailed treatment In accord- 
ance with the abilities (and Imitations) of the semiautomatic and mazual 
processes. 

Systems problems In the full sense arise in such circumstances. There are 
the usual technical problems associated with Integration of equipments, com- 
patibility with the environment, logistics, interfaces with other systems (a 
data transmission system, for example), etc. But the system concept often 
must be employed simply because an Intercept receiver, by itself, Is incapabic 
of providing the desired answers to questions of strategic or tactical import- 
ance, 
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As an incication of the potential (but necessary) complexity of intercept 
systems, one system preposed for long-range, grouns-te-grounc detection 
involved, per zelf-sufficisat site. 24 intercept receivers, a tots! equipment 
weight cf many tons, 12 mer In the actual operating crew alone, and an 
initial cost (installed) of $15,000,000. An airborne reconnaissance eculp- 
ment (covering several bards and possessing some remarkable abilities) 
weighs 4500 pounds and costs In the order of $7,000,000 per unit. Fortun- 
ately, the slmple system shown in Figure 9-!(c) ja sleo of substantia! oper- 
ations: value. 

9.3.2 System Evaiuation in Terme cf Signal Intercep? 

at fa often necessary that receiver operetional characteristics be evaiuated 
with respect to the total system objective. Syatem intercept probabilii; !s 
influenced by several receiver and antenna charecteristics—nolse-figure, gain, 
predetection (acceptance bandwidth), and postdetection bandwidth, tuning 
range, tuning program (frequency scan characteristic), antenna gain, beam- 
width, and scan characteristics, etc. It is difficult to relate these factors to 
give some quantitative measure of the intercept probability of a system. But 
there ia a very general relationship leading to a figure-of-merit based only 
on the composite sbilities of an intercept system to monitor simultaneously 
both freyuency and geogrephic area (more properly, volume-of-space). This 
concept presumes thet the frequency and location of a signal are unknowr 
and tnat there fs an equal profit to success In intercepting a signal to be 
brought about by doubling the frequency band monitored per unit of time 
or by doubling the volume of spece (or surface area) monitored ‘n that time 
interval. 

The common denominator to improvement in both sspects is receiver 
noize-figure. This is because an improvement In receiver noise-figure is the 
only step of unquestionable value ‘n providing for a basic Improvement in 
sensitivity without some penalty to another performance parameter. Sensi- 
tivity, as such, can be bought without a change in nolse-figure by a con- 
striction of the receiver's effective noise bandwidth. The attendant increase 
in maximum range of reception for a signal of given characteristics results 
in a greater space volume monitored per unit of time; but the accompany- 
lag reduction in acceptance bandwidth of the receiver decreases the fre- 
quency range monitored per unit of time so that there ie no net improvement 
in the figure-of-merit. In similar vein, system sensitivity can be purchased 
with higher arteana gains. The accompanying range increase would appear 
to improve the space coverage cof the system but the beamwidth reduction 
associated with the increased gain so obtained balances out any improvement 
in actual space coverage per unit of time. In contrast, a nolse-figure reduc- 
tion can increase sensitivity—and range—without any necessary reduction 
in bandwidth or beamwidth. 
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Conaiderationa of Hee are inevitabie In 2 discussion cf systsin intercept 
probability. The figure-of-merit refezied to sbove measures syatem per- 
formance on the basis of frecuency and space coverage per unit of time. A 
mintfmum value for this unit-of-time is set by the interval aver which a 
signal must be observed in order to establish {ts existence or in order to 
measure ceriain charecteristics. it varies with the task at hand, a few milii- 
seconds often suffcing for pulse signal intercept in the microwave bands. {f 
the time available tor Intercept Is longer, f.e., If the transmissions exist for 
several “‘uulte” of time, a system of lower figure-of-merit migai be able to 
accumulate more useful data over the total time interval. This sitvation !s 
illustratad in Figure 9-11 where the relative intercept abilities of six hypo- 
thetice] receiver-antenna systems are contrasted. The systems are assumed 
to be employed in a ground-tc-ground monitoring operation, whence an area- 
of-space (rather than a volume-cf-spuce) is the configuration of interest; ali 
receiving antennas are assumed for the sake of comperison to have a fixed 
vertical beamwidth of 20°, To simplify the intercept probabiiity problem 
somewhat, it js assumed that side- and beck-lobe radiation from the emitters 
of intcrest must be received; the beam power of ail emitters is assumed to 
be 1 megawatt cr more, with an average minor-lobe antenna gain of 0.2 
{7 db below isotropic) giving a minimum effective radiated power cf 200 
kw. It is further sesumed that an azimuthal sector of 150° and a frequency 
range of 2 kmc at S-band must be mon!tored by each of the recelvers com- 
pared. The unit-time interval (required to recognize a signal) has been 
chosen as 1/50 second, and it fs aseumed that this length of time is devoted 
to each Incremental azimuthal beamwidth and to each incremental accept- 
cuce bandwidth in the scanning process. The so-called system figure-of- 
merit, as provided by an arbitrary multiplication of frequency coverage (in 
megacycles) and ares coverage (in square miles) Js plotted along the abscissa. 
Receiver A is wide-open in frequency and employs an omnidirectional an- 
tenna. The figure of merit (performiance number) of this combination is 
given by the Intercept of curve A with the abscissa, this marking the per- 
formance for the initial unit-time interval. It is unchanging with time (except 
for the practical benefits of the centinuing monitoring’ since there are no 
scanning processes incorporated in the recelver or antenna operations. In 
effect, the slmple receiver can determine only the existence of a signal and, 
perhaps, pulsewidth, prf, and transmitting antenna scan rate. The second 
combinution employs a directional antenna, No performance change results 
for the initial unit of time; despite the greeter range, the initial area coverage 
is unchanged. But the over-all performance improves with antenna scanning 
(because of the area Increase) as indicated in Figure 9-11 and reaches a 
much higher eventual performance number by the end of a complete antenna 
rotation (in 30 units of time). Sore d-f capability is added. Thereafter the 
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operation is, to a degree, redundant. fa a similar manner, the aodition cf a 
broadband TWT preampiifZer provides an over-all benefit, us Indicaced by 
curve C and curve D (which shows the effect of the addition of a direc.iona! 
antenna}, The Sth and 6th comlnatlons (curves Z and 7) involve scanning 
superheterodyne receivers with reiatively narrow (20 megeciycles) acceptance 
bandwidths. It {s interesting to note thax the initlel performance nuiiwer for 
these two receivers Is lesa than that of the TWT plus wide-open crystai- 
video receiver despite the higher sensitivity of the superheterodyne. Combina- 
tion C might be tae preferred choice as a warning receiver for a very short 
duration signal. But if the signal transmission were of longer duration— 
nreferably greaver than the scarning times of the scanning systema——the total 
abilities of the scanning superheterodyne systema to develop information 
eventually woulda exceed that of the simpler recelver (the relative limits are 
tabulated on Figure 9-11); the scanning systems then weuld provide the 
better resuits, le, there would be a provabiiity of intercepting transimitters 
when located at greater distances, Further, a frequency measuring ability 
has been added. 

The practical value of the figure-of-merlt concept is ifmited; but it does 
eupporc the idea that there is a matter of compromise In system design In- 
volving a érade of abilities. Sometimes the profits or penalties are obscure. 
For example, high eltitude reconiaissance might be conducted with a scan- 
ning receiver located in a moving vehicle. It might be necessary to use a 
downward-directed directional antenna, perhaps to develop sufficient sen- 
sitivity to detect weak, minor-lobe zenith radiation. The system, then, {s 
constricted both In instantaneous frequency coverage and In instantaneous 
space coverage; both frequency and space scanning proccases are involved 
(the latter is brought about by the motion of the vehicle), An investigation 
of the ngure-of-merit of the system In terms of e@ general intercept probabil- 
ity variation with respect to altitude and speed of the vehicle shows no 
change in figure-of-merit over surprisingly large ranges when the system is 
optimally designed for each combination, 

Of course, there are many reasons arguing fer the selection of a particular 
receiver accentance bandwidth, system antenna beamwidth, etc., other than 
the consideration of an idealized general intercept probability. It might be 
that all expedients In bandwidth and beam narrowing might have to be ex- 
ploited simply to generate enough sensitivity to provide some small pes- 
sibility of intercept (a net uncommon situation at frequencies above X- 
Land). Or it might be that a narrow acceptance band Is justified by stringent 
frequency resolution requirements, etc. This discussion is intended to display 
contrasia in the abilities of some common receiver-antenna combinations, and 
to point up the sometimes unsuspected merits of some of these combina- 
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tions—the broadband crystei-video receiver plus low-nolse rf pronmpl!ification, 
for example. The mafor influence of the antenna fa aiso evident, and although 
such mitters are not within the purview of this chapter, the relative merits 
of omnidirectional and directional antennas for signalesearch purposes, and 
the effects of beam width and rotation rate of directional antannas on Intor- 
cept probability beceme apparent. 

Choices of design perameters of receivers must be made {= tne knowledge 
that there may be some attendant penalty to system figure-of-merit and that 
there is an optimum choice—optimum in the sense that what Is sacrificed ir. 
apace coverage or in frequency coverege or In monitoring time cain best be 
afforded. The choices ave different for different operational situations and the 
many uaeful combinations of receiver parameters result in the many existing 
forms of receivers found in intercept systems. 


9.4 Seneltivity Standards and Signal Strengths 

Several standards for quoting microwave intercept receiver scnaitivities 
have come Into common usage. Ali define sensitivity in terma of e minimum 
acceptable signal power, usually specified !: decibele below a miliiwatt 
(—dbm) delivered to the receiver input terminals. Frequently in the practical 
case there is a subjective decision involved as to whether a signal pulse could 
(or would) be detected in the presence of the inevitable noise. There are 
influences Imposed by the type of signal, the type of decision (visual display 
plus operator, automatic electrica) detection, etc.), the time that can be 
cevoted to the decision, etc. It is obviously important !n comparing recelvers 
to know that identical standards for quoting sensitivities are being employed, 
and that these standards recognize the practical needs of the Iiniercept job. 
Section 9.4.1 will discuss three standards which have the virtue of reason- 
ably definable relationship between minimum signal power and the receiver 
noise power with which a signal must compete. These are (1) equa! signa!- 
to-noise standard, (2) tangential signal sensitivity, and (3) triggering sen- 
sitivity. 


9.4.1 Sensitivity Standards 

A problem in intercept receivers stems from the lack (which must be 
presumed in most cases) of a prior’ information concerning the character of 
the signals to be intercepted. The receiver usually must accommodate almul- 
tanevusly a variety of signal types—perhaps the design cannot be made 
optimum for any one, As a consequence, a signal-to-noise ratio may weil be 
recuired that is higher than that acceptable in radar receivers where inte- 
gration Is possible, It is a rare case when a microwave signal whose peak 
power merely equals average noise power can be detected. However, aen- 
sitivities are sometimes quoted on that “equal signal-to-noise” basis. 
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It {a more Hnely thet the intescept recciver will require peak signals many 
decihels above the average reise power, Thus, 't has kecome cc:mmon. aiter- 
natively, to rate receivers as to “tangential sensitivity.” This is a term 
referring ic a signai-to-nolse situation such thet the presence of a signal 
pulse will raise the nolse level by an amount equal to the average undisturbed 
noise level as viewed on an A-scop# presentation. This also presumes that 
auch an event can be noted in practical circumstaacea. The situation is as 
indicated jn Figure 9-12, An Increase in 
algnal power of about six decibels above 
the equal signal-to-noise condition Is ze- 
quired to establish the tangential-signal 
condition, In other words, 2 receiver with 
a tangential signal sensitivity of —84 
dbm is actually 6 decihels more sensitive 
than one with « queted —&4 dbm equal 
signal-to-nolae power sensitivity. 

With the increasing Interest in automatic detection and operation, a trig- 
gezing sensitivity becomes perticularly meaningful. This term recognizes 
the Incorporation of decision circuitry (in plece of a human operator) in the 
system to make the basic decision az tc the presence or absence of a signal 
ina given observation time interval, Much sub‘lety has gone Into the design 
of “electrical detectors” to enhance their abilities in signal recognition. To 
the extent something is Known of the algnal (its bandwidth, modulation form, 
etc.) certain advantages can be gaired. But in the genersi case of deciding 
that a particular observed pulse represents a signa! and not @ random noise 
incident, little is ordinarily done except to base the decision on amplitude. 
If « pulse exceeds a certain amplitude with respect to the average nolse level, 
there is a certain probability that it represents a signal; the higher the am- 
plitude, the greater will be the confidence in the decision. If a low faise-alarm 
rate must be estabiished, the triggering threshold must be high and, typically, 
might require signals 15 decibels above the average noise level. Thus, a re- 
celver designed for electrical detection might have a triggering sensitivity of 
—75 dbm. In a sense, this would represent an engineering equivalent of a 
receiver with a —90 dhm sensitivity based on equal signal-to-noise conditions, 
or of a receiver of ~84 dbm sensitivity based on tangential sensitivity stand- 
ards. Note that —75 dbm is the practical number for quotation if automatic 
detection is a fundamental part of the intercept process, i.e., a signal 
power of —75 dbm has to he established at the receiver terminals for the 
initiation of any recognition action or control function by the receiver. 
Were it possible, as an alternative, to utilize an observer able to respond on 
a tangential signal-level basis, the receiver could be operated usefully with 
correspondingly lower input signal amplitudes. 


Fiounr 9-12 A-scope presents.ion of 
“tangential signal.” 
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The problems of operating automatic detectlon circuitry on an amplitude 


threshold basis revolve around the probability of a rendoin noise peak exceed- 
ing a threshold amplitude (References 7 and 8). Figure 9-13 relatae to this; 
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Fiovaz 9-13 False alarms in electrical detection as controlled by threshhold setting, 


a normalized quantity—bandwidth muitiplied by average time between noise 
triggeringa (5°t,)—/s plotted against threshold setting in decibels above pre- 
detection average nojlse power. Although It is convenient tu assume gaussian 
nolse in signal versus nolse problema, it should be recognized that this is ar 
idealized circumstance not always encountered in practice. 

Observation time and receiver effective nolse bandwidth effect the Inter- 
pretation of the data in Figure 9-13; the greater the bandwidth, the more 
rapid can be the rate-oi-change of amplitude of a voltage or curvent in a 
system, j.e., a greater number of fluctuations can take place in a given obser- 
vation time interval. Thus, a million noise peaks per second might be ob- 
served In a system having an effective nuise bandwidth, 5, of 1 megacycle. 
The probability of a nolse peak exceeding an ampuitude level 9 decibels above 
the average nolse level is such that (from Figuve 9-13) Bt, = 5000. The 
number of false triggerings per second {fs given by !/#,. Thus, 200 false trixz- 
gevings (and, possibly, false ularms) from random nolse pulses could be 
expected in each second. With the same triggering level, the average fatse 
alarms would drop to two per each 10-second interval if the system noise 
bandwidth were reduced io 1000 cycles. Alternatively, if 200 false triggerings 
per second were considered excessive, an increase in triggering ampli:iuce 
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threshold of only 5 decibeis (with « correspondiig decrease in effactive 
receiver triggering sensitivity of only $ decibels to 14 decibels above average 
noise) would reduce the nuwber on an average to approximately one per 
day. In other words, triggering reliability Increases rapidly for very little 
loss in sensitivity once a certain triggering level range has been resched; this 
is of substantial operational importance. 

The signal-to-nolse power relationship plotted In sigure 9-13 caa be inter. 
preted in another manner. The threshold c'scultry {a confronted with a 
combination of signal and noise. if the signal-to-nolse ratio in decibels equais 
the threshcid setting In decibels abcve predetection noise power, there la a 
SO percent probability that the combination would exceed the threshold set- 
ting and that the elgnai would therefore be detected, 

Detector characteristic and the reiative pre-and post-detection bandwidths 
affect the relationships shown In Figure 9-13 on a fractionai-decibel baala 
over common ranges of the bandwidth parameters. 

From the foregoing. it {s apparent that there Is a substantial cost in aystem 
sensitivity if electrical detection is used. This is true when the signal-to-noise 
Aecision must be made on a purely amplitude basis. Unfortunately, this may 
be the only basis if the search fs for unknown signals of undemtned charac- 
teristics. When more is known of the characteristics of the signal sougnt-— 
pulsewidth, orf, pulse grouping, spectrum detai!s, etc.—-much of this loss in 
sensitivity can be regained by the use of more comple decision circults 
tallored to those characteristics of the signal which differentiate it from noise. 
In some instances, signals whose amplitudes ate iess than the average am- 
blent noise can be selected reliably. 


9.4.2 Received Signal Strength 

It is a normal objective in receiver design to reduce the nolse !n the re: 
ceiver. When this has been carried out as far as Is practical, there still re- 
mains the question as to whether or not a signa! can be detected. Will the 
signal power exceed that minimum value defining the receiver sensitivity? 
This question focuses attention cn the ranges of signal levels likely to be en- 
countered in practical circumstances. 

An Intercept will be accomplished successfully only If the signal level at 
the receiver input termina!s equals or exceeds the threshold value necessary 
to overcome successfully the total receiver nolse power, N’,, referred to the 
input circult.* The signal power actually delivered to the recelver under 


°This is the power of a noise generator at the Input terminals of a nolscless receiver of 
like total nuwer gain needed to account for the actual nolse power In the output of tho 
actual receiver. 
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typicel ilne-of-sight conditlons will depend on the transmitted signal power, 
the range, the gain characteristics of the trensmitting end receiving antennas 
efiective over the transmission path, anc propagatien conditions. Presuming 
stancard line-of-sight transmission, the recelved signa! power is given by 


Pn =P Gr Gp A® (9-1) 
as Pro OEE 


where Py = received signal power in watts 
Py = tranamitted power In watts 
Gr == transmitting antenna gain* 
Gy, == receiving antenna gain” 
x = wavelength in the same units representing range R 
R = seperation between transmitter and recelver 


*The antenna gain values are effective gains applying at tke momert over the tranamls- 
sicn path. An isotropic antenns gain is taken as unity. An effective radar antenna gain 
might be 10,000 to 3 (40 decibels) in the maln beam; bus it also might be 1/10 (10 
decibels) if average back-lobe or senith radiation conditions were applicable. 


A useful alternate expression {s given by Eq (9-3) which is developed by 
noting that the capture area A of the receiving antonns is relaicd to receiving 
antenna gain and wavelength by 


A =: G\"/4e (9-2) 
a" == Grd h'/4e RI (9-3) 


where A is the antci nu ross-sectiona! area in the unlis representing range 
R, and &’ is an “effic..acy factor,” commonly 0.6 for microwave parabolic 
antennas. The remalnder of the units are as abov2. 

It is possible to facilitate estimation of received signal power by use of the 
line-of-sight signal strength chart reproduced as Figure 9-14. ‘The chart {s 
actually two graphs plotted on one sheet. The right vertical and upper Aori- 
sontai scales relate sigew, power density and distance between transmitter 
and receiver. For this calculation, the diegonal Hnes represent the effective 
radiated power (ERP) of the transmitter. The /efi vertical and lower hori- 
sontal scales relate receiving antenna capture area and operating frequency. 
For this determination, the diagonal lines represent receiving antenna galn 
over an isotropic antenna. The two plots have been combined to minimize 
the number of charts required to carty through a calculation. Each calcula- 
tion is ordinarily a two-step process. For example: 
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7O DETERMINE POWER DENSITY 
Given: Transmitted Power == 100 kilowatts (kw) 
Trensmitted Antenna Gain == 33 decibels (db) 
“ anamitter-Receiver Range = 100 nautical miles (nmi) 
First, determine the ERP for the transmitter in decibels above a watt (dbw). 
In the example, 100 kw = 10" watts, or 50 dbw. For an antenna gain of 
35 db, the ERP = SO dbw +- 35 db = 25 dbw. Enier the upper horizontal 
scale at 19 nmi and project downward to the “85” diagonal. Project to ihe 
right vertical scale and read —2 dbm/sq meter ac the power Genslty of the 
receiver, 


TO DETEP MINE RECEIVED SIGNAL POWER 
Given: Operating Frequency == 10,000 megacycles per second (mc) 
Recelving Antenna Gain == 19 declbeis (db) 

Enter the Jower horizontal scale at {0,00C me and project up to the “10” 
diagonal. Project to the left vertical scale and read capture area as -~31 db 
with respect ‘o a square meter. The signal power at the receiver input ter- 
minal is then —33 ‘bm. This resuits from combining the vaiuvs for power 
density (—2 dbm) and capture area (--31 db). 


This example represents only one of several ways in which the chart may 
be used. It fs possible to begin with s known receiver sensitivity and re- 
ceiving antenna gain, and to dctermine the maximum renge at which a given 
signal could be recelved. More generally, there are six variables {nvolyed: 
transmitter power, transmitter antenna gain, frequency, receiving antenna 
gain, receiver sensitivity, and range. Any one quantity can be solved for when 
the other five are given or can be estimated. 

A very wide range of received signal powers can be anticipated under nor- 
mal intercept conditions when the great variety of operational uses for 2 
receiver are considered. This is illustrated in Table 9-I where some represen- 
tative cuses Involving a typ!cal range of transmitter powers. frequencies, an- 
tenna gains, etc., are tabulated. 

An exemination of Table 9-1 Indicates that very strong signa! levels can be 
anticipated In many practical circumstances. This is indesd true and su: 
ports the use of relatively insensitive receivers (direct-detection receive. 
for example) whete there is a resulting profitable improvement in ease of 
operation, technical simplicity, reliability, etc. It Is sometimes argued, too, 
that additional sensitivity would serve only to add redundant or routine in- 
formation of no great value and with the decided complicating aspect of in- 
creased signal density. However, this general argument must be considered 
with care since a somewhat more sensitive receiver can be operated on a 
less-sensitive basis (by an increase in acceptable threshold levels, for in- 
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TASLE 9-I TYPICAL RECELYED SIGNAL POWER IN RADAR 
INTERCEPT 


(Receiving Antenna Presumed Te Have Unity Gain) 
(iAne-of-Sight Transmicsion) 

























Transmitter Transmitter i 
Frequency peak power antenna yaln Ranges | Received power 
(mic) (watts) (db) (nmi) (—dbm) 
“~"7,600° ~~ fox ie —_ —) 
5,000 zx id? 30 “}- 2 
$0 
aa 
"6 | —36 
100 a7 § 
scocsid| 93 
16,000 3 we 
306 we 143 
~ "16,000 0.28 x 10° 10 ag 
200 —§0 
"10,060 Of x 10 —i0* 5 ee 
IW 98 
40,000 Ol x 10 53 "- —-36 


*Minor-lote radia2ion, 


stance). The amount of data obtain.d would be equal to that recelved from 
the basically less-sensitive equipment, but that porticn received near the 
assigned threshold amplitude level will be cleaner (with respect to signal- 
to-noize ratio) and therefore possibly subject to a more moaningful analysis. 

When maximum system sensitivity must be achieved, !t is important to 
note the Inclusion of receiving antenna gain in Eq (9-3). If maximum sen- 
sitivity is not the prime requirement, antenna gain may still be an important 
system parameter, For exainple, the improved system sensitivity provided by 
a directional antenna might permit a trade, in the receiver, of basic recelver 
senaitivity for receiver bandwidth, thus giving a greater intercept probabi!- 
ity in some circumstances. Further, the directional characteristics (narrower 
beamwidth) accompanying higher antenna gain may be important in en- 
hancing the reception of signals from a preferred direction, in excluding 
signals from certain directions, or in pinpointing the direction of arrival of 
selected signals. 

The attention in this chapter to microwave receivers acceunts for the 
emphasis on recelved power; It being convenient with microwave calcula- 
tions to work In terms of power. At lower frequencies, precedent for express- 
ing receiver sensitivity in microvolts has been set; the sensitivity is defined 
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as 3 signs! ycitage which establishes a suitable signel-to-ncise voltage ratio. 
in that case, it is natural to consider the strengti:, in microvolta per meter, 
of the electric field establishea at the receiver antenna. Thia field intensity 
when multiplied by the effective height of the antenna provides the desired 
signal voltage value at the recelver cerminals, These quantities are standard 
for low-frequency usage and need nn further elaboration. Uniortunately, 
complex propagation conditions may wel) apply et the lower frequencies and 
no simple .omputation of signal strength [the counterpart of Eq (9-3)] 
ordinarily can be einployed. 

It is puralble, of course, to convert an available signal power from a signal 
source tu an equivalent voitage across the recelver Input terminals when the 
circult impedance conditions are specified. In this connectlon, impedance 
matching is 2 standard practice to be aniicipated in most circumstances. 
Some exceptions where an improved performance can be obtained by some 
deliberate impedance mismatch between antenna and receiver are covered 
ia Section 4.3 of Reference 1. 


9.5 The Important Kecciver Characteristica 

There are substuntial differences in intercept receiver design para 
meters with respect to those associated with receivers in general. Yet there 
are extenzive basic elmilarities; a knowledge of receiver techniques in gen- 
eral, which this chapter presumes, provides a suita’-le framework so that In 
the following discussion attention can be given primarily to the diferences 
in intercept receiver design characteristics, 

As a preliminary, Intercept receiver bandwidths and tuning processes are 
worthy of particular attention. Such consideration is iacilitated by a genera! 
de‘nition of certain related parameters. 


D represents the total r-f bandwidth (usually in megacycles) assigned to 
a receiver for monitoring. 

a is the incremental acceptance bandwidth of the recelver, Le., the range 
of frequencies (a fraction of D) over which the receiver is sensitive at 
any instant. It fs sometimes identified as the predetection bandwidth. 

8 is the postdetection bandwidth. It {s the video (or audio) bandwidth. 

B is the effective noise bandwidth and ordinarily wiii have a numerical 
value between @ and #8. The value will depend on a, §, the detector 
characteristic (linear, square law), etc. 

t, is the cycling time of the tuning process, If any. The incremental band- 
width, a, can be tuned across the total range, D, in the time 2,. 

fe 4s the “scan frecuency” (presuming a repetitive tuning process). /, == 
1/t, cycles per second while the tuning rate, typically in megacycles 
per second per second, is given by D/t, or D*/,. 


a 
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Three other times are of importance in a discussion of receiver tuning pro- 
COnSES. 


t; is the duration of a signi ss defined by the time interva! over which 
it ia of detectable amplitude at the receiver. It may he very snort-—a 
few microseconda—with certain flash algnals. It may be moderately 
shori—-a substantia! fraction of a second—if amplitude conditions are 
satizied wher the transraltter antenna main beam is directed at the 
recelver. (The time then is a functicn of transmitting antenna rotation 
rate and the angular beamwidth through which a suitable signa! 
strength exists.) It may be very long if the signai is of such amplitude 
that ft can be detected via minor-lobde radiation from the transmitting 
antenna (the signal then is easentlally continuous), 

t, is the interval between puises of a pulsed transmission (cften taxen as 
the fongest interval, j.e., as established by the lowest prf anticipated 
for any slenal In the frequency range, D). 

t., ja the pulsewidth of a pulsed transmission (often taxen as tne sAoriesi 
pulse anticipated for any slenal in the frequeuey range, 2). 


9.5.1 Reesivor Nolse: Noice Figure 

The ineviteble competition between signals and nolse arises in ‘ntercert 
receivers. The basic problems in recagnizing signais in the presence of noiss 
were Introduced in Section 9.4.i. There are difficulties, too, In measuring the 
characteristics of signals when thelr form has been corrupted by the presence 
of nolse. 

Johnscn noise ascoclated with input circuit resistance, with the resistive 
component of signal source impedance, etc., sets a minimum value to noise 
power evaluated at the recelver innut terminals (Reference 9). This is the 
nolse power, “,, given by 


where WN, ja in watts 
& is Boltzmann’s constent, 1.3 10°" joule per degrees Keivin (°K) 
B is the effective noise bandwidth of the system in cycles 
T is the temperature of the nolse source in degrees Kelvin (°K). 

If a temperature of 290°K were assumed (and this {s ge.erally applic- 
able), and if the effective noise bandwidth of the recelver were one mega- 
cycle, the noise power inevitably associated with the signal at the recelver 
input would be 4 «& 10° watts or —114 dbm. I! there were no internal 
nolse generated and If the nature of the system were such that a signal 
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having a peak power equal to this averege nolse power were recegnizavic as 
a a'gnal, it wou'd be practical tc quote the recelver sensitivity az — 114 
dbm on an equal signe!-to-nolse power basis. 

The temperature 7 in Eq (9-4) refers to the nolse tempezature in degrees 
Kelvin of the principal sources cf noise affecting the system. Ain important 
source may well be the Input circuit of the receiver. If a !0Q0-ohm resistor 
bridged across the input terminala determined the !nput irapedance, its tem- 
perature, normally taken as 290° K (17°C), would apsiy. 

If the 100-chm physical realstance could be compietely replaced by an 
antenna having some equivalent antenna Impedance (with a “radiation re- 
sistance” component), the “antenna temperature” would prevail, (It Is as- 
sumed here (' -- °53 =+mic losses of the antenna anc its transmission sysiem 
are neghgibie-- ....curily true In intercept systems.) The temperature value 
would depend on the temperatuze of the region surveyed by the antenna (to 
which it is “coupied’”’). A directional anteana directed toward cuter space 
might have a very low temperature oi a few degrees Kelvin. A redirection of 
the antenna to another region cf space might locate a “hotter” rayion, the 
effective temperature would then be greater and the conaequent increase {n 
z.iternal nolse input to the secelver might readily be noted (as fn radio as- 
tronomy). If the antenna were again reoriented ao that ‘he main beam (and/or 
minor lobes) li:tercepted an increasing sample of the “hot” earth, the an- 
tenna temperature would Increase rapidly and spproach, again, the typical 
290° value. This is of particuiar import when considering the future role 
in Intercept receivers of very low noise r-f amplifiers—masers and para- 
metric amplifiers. The potential reductions in system noise levels may bc 
very small if, as is true in many practical cases, external ncise sources set a 
minimum system noise only a few decibels below values established by 
present receiver nolse-figures (Reference 10). 

To this point the discussion has oeen of idea! or near ideal receivers in 
the sense that the dominating noise nas been ascribed to & single identifiable 
source effective at the input terminals of the receiver, Usvally the receiver 
circultry itself will provide an additicnal, perhaps predominating, source of 
noise that must be added to the irreducible minimum (ATB) In practical 
calculations. The influence of this contribution !s measured by the nolse- 
figure. Thus, 


SORT B 
ae 17800, (9-5) 
Su, N e 
where F = noise figure of the receiver 


S == avellable signal power from a signal source 
S, = available signal power at the receiver output 
N,, == available nolse power at the receiver output 
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&, T, and B are aa defined vefore (and ‘escribe an irraducidie mizimum 
nowe power associatec: with the signal, S). 
Equation (9-§) can ke rewritten 


5 


S MM, 3 (9-6) 
S, &7B ™ W TB 


F= 


where W is the power gain of the receiver for the signal (and presumably 
for input noise), 

Taus V.,/W is the effective system nolse ievel referred to the input of the 
eeceiver. The ratio cf this value to ATSB ss g number greater than unity (it 
includes an equivalent noise ascribable to the receiver circuite) and js the 
nolse-figure. For computetional purposes, ¢.g., a8 in Eq (9-7), nolse-figure is 
inserted «3 a number—tie noise power ratlo. However, the power ratio can 
be expressed In decibels, and a receiver is sometimes said to have an “elght- 
Gecibel noiae-feure,” etc. 

A standerd expression of computetional value fs that for the noise figure 
of two lineat networks in cascade when both may contribute significantly to 
the total noise 


Py = Fy + (Fy — 1/04) (S-7) 


where F, == nolse-figure of Network | 
Fy = nolse-figure of Network 2 in the circumstance that there is an 
impedance mutch between it and its signal source. 
W, = available power gain of Network 1 


In this respect, intercept receivers are, of course, identical with standard 
receivers. Thus reference to a basic receiver text will produce valid Infor- 
mution on the computation of nolse-figures, the effects of cascaded networks, 
etc. (Yor example, see Section 1.1 of Reference 1). 

However, some noise problems are emphasized in intercept receivers. One 
relates to the successful development of a low receiver noise-fgure over wide 
r-f bandwidths. Recent work in low-noise amplifiers—TWT, masers, para- 
metric ampilfiers, etc,, is having a major effect on this recelver design prob- 
lem. R-F preamplification is now possible via amplifiers having fractional- 
decibel nolse-figures and with sufficient gain (W) to guarantee that 
the noise-figure of the input amplifier will set that of the recelver as a 
whole. (Note in Eq (9-7) that a large value for W, will guarantee Fy ~» F;.) 
Unfortunately, problems in bandwidths, tunability, and a lack of convenient 
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physical form currently plague those amplifiers having the mcre spectacular 
low-nolse Agures. 

With the noise-figure concept In mind, it fs possible to rewrite Eq (¢-4) 
such that the quantity NV’, (equal to V,/h/) becomes the reference noise 
power (referred to the Input circult) of an actual rocelver whose nolse 
figure is F. 


N’, =: ATBF (9-8) 


In a practical receiver, It Is the solse powor N’, with which an input 
signal must compete. 

As an alternative to the nolse-figiire concept, the fact that NV’, is greater 
than NV, (= &7B) as defined in Eq (9-4) can be accounted for by assigning 
an elevated value to 7. The results are equivalent; but it is sometimes con- 
venient, particularly with low-noise amplifiers, to speak of a “20°K” ampii- 
fier. The meaning is thar the noise situation can be valued by «adding 20 
degrees to 7 Sr the rolse power calculation ‘and by assuming F io be 
unity). The noise contribution of this amplifier (a ‘'20-degree” value) 
woud ba negligible in # typical situation (where it was to be added to an ap- 
plicable temperature of 290°K for an external input noles source; it could oc 
very important in a radio astronomy application if the equivalent antenna 
temperature were a few degrees. In other words, the centribution of the 
very low-nojsze amplifier is very important percentage-wise In radio astron- 
omy; {it could be very Important in space age reconnelesance; It may be 
quite unimportant !n some current intercept recelver applications. 

A noise-figure of 10—gcod by standard broadband microwave rece!ver 
techniques—inaicates the internal receiver noise contribution to have raised 
the total noise power at the receiver output by a factor of !0 cver that 
which would have been measured with an Ideal receiver. Accordingly, the 
sensitivity of the receiver would be reduced directly by the same factor (by 
10 decibels); a —75 dbm sensitivity would drop to —65 dbm. A zelgnal 10 
decibels stronger than before would be required to compete on an equivalent 
basis with the increased noise. A major objective in receiver des'gn, then, 
js to bulld receivers in which the Internal noise contribution Is kept to a 
value consistent with the sensitivity requirements, 

The noise of concern to this polnt is largely ascribable to the receiver it- 
self; it sets s maximum sensitivity (minimum nolse) for a given receiver. In 
the lower I:equency ranges of interest for intercept rece!ver use, a second 
typo of nolse will usually take precedence even over the total noise of the 
“Imperfect” receiver. Included are contributions from natural static (light- 
ning strokes, etc.), ignition noise, radio interference, etc., which Increase 


—_—_ - oOo Sr WU SF 


THE INTERCEPT RECEIVER 9-59 


substantighy im magaituce as the frequency decreases. The combination may 
well set a nolse level substantially above the basic receiver value, This sug: 
gests that there may be tittle profit in improving receiver desig: (aa regards 
internel noise generation for the radio frequency range in uestion, beyond 
the level waich allows the ext. rnal nolee to predominate. Depending on the 
abilities of the recelver circultry, the physical location of the receiver witi 
respect tc external noise sources, etc., the division point is usually in the 100 
to 500 megacycle range, f.c., above 500 megacycles the internal syetem noler 
will ret the basic system sensitivity. 

As implied in Eq (9-4), the wider the effective noise bandwidth, B, the 
greater wil! be che recelver noise power with which the signal must contend. 
However, 3 is not necessarily the inhurent bandwidth associated with the 
principal noise source (for which a value of T is established). It often is de- 
termined by a system bandwiath value following, and presumably constrict- 
ing, that of the principal! source of nolae. Thus, the bandwidth of en antenna 
mizkt ke hundreds of meguacycles in the sense of its abliity to extract. energy 
over that renga from an incident wavefront. Ii the antenna were to feed a 
superheterodyne receiver, the effective systeni bandwidth, 8, ordinarily would 
not be greater than the i-{ bandwidth of the receiver, 


9.5.2 Bandwidth Consideration: D, a, 8, B 

A consideration of Invercept receiver characteristics reveals several im- 
portant “bandwidths” as earlier defined, There is the r-f bandwidth D which 
describes the breadth of the total r-f vange over which the receiver is capable 
of being operated. It defines the maximum band that can be assigned to a 
recelver for menitoring. Typically, the r-f bandwidth does nu: exceed an 
octave (a 2 to ! frequency spread) although a receiver may include several 
tuning units (heads) each capable of covering separate octaves. They are 
ordinarily used alternately and 2) is set by the characteristics of whichever 
one is In use. 

There Is the acceptance bendwidth a which may or may not coincide !n 
numerical value with the r-f bandwidth, It is the bandwidth over which the 
receiver {sy instantaneously sensitive. In a wide-open receiver the acceptance 
bandwidth corresponds to the r-f bandwidth since at any instant the receiver 
is equally responsive to signals anywhere in the :-f bandwidth; then « = JD. 
In other receivers, the acceptance bandwidth js less than the r-f bandwidth; 
a ordinarliy equals the i-f bandwidth in a superheterodyre, end equals the 
effective bandwidth of the r-f amplifier in a TRF system. It is sometimes 
spoken c: as the predetection bandwidth and is of prime importance in 
controlling the intercept probability properties of a receiver. 

This predetection bandwidth bears a direct relationship to the common 
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receiver characteristics of selectivity and ressiution. The abliity to select one 
signal from a group of signals on a frequency difference basis, or to reacive 
two signals adjacent in frequency is sec in an intercept receiver by the value 
of ain a completely norma! manner. 

Of particular importance to intercept recelvera is “skirt” seiectivicy or 
“‘off-frequency” rejection. These terms refer to the raeponse 4o signals far 
from the frequency to which the receiver Is nominally tuned—-the desirable 
goal fs tc minimize any such response. The problem fs illustreted by the 

typical response cispley curve in Figure 


4 A nN 9-15 for a swept singic-element TR™ re- 
Lo ceiver, An acceptance bandwith ... deci- 
‘ bels down could be defired us a. But the 


off-frequency response in Figure 9-35 is 

i, Ireemy ~dewn only 35 declbelz; an ofi-frequency 

Fioure 9-18 Selectivity curve, aingice- (fy) signal exceeding by more than 35 

stage TWT TRF receiver. Aa off-fre- decibels the minimum detectable level 

quency (fu) aignal is transmitted with for an on-frequency (/;) signal wiil pro- 

oA ae te ty Aenea duce a response in the output circuits 

that may well be Interpreted erroneously as an Indication of a weak signal 

on f,. Fortunately, much can be done to Insure acceptable off-frequency 

rejection by standard engincering techniques (via cascaded TRF stages or 
the superheterodyne i-f amplifier principle, for example). 

The video or postdetection bandwidth 8 usually represents a design com- 
promise influenced by requirements pecullar to intercept receivers. The 
selection must be consistent with the most severe requirement imposed by the 
need to reproduce to some degree the waveshape of any signai or class of 
signals anticipeted for reception. Of obvious Importance is the fidellty desired 
of algnal reproduction. Wide bandwidths and appropriate attention to phase 
characteristics are necessary if there {s to be a faithful reproduction of video 
enveiupe detall—ieading edges of pulses, tilts, etc. If the video bandwidth is 
too small, a narrow puise will not reach full amplitude. ut {f the principal 
objective Is only signal detection, a considerable reduction in video band- 
width {fs allowable for only a smal! loss !n weuk-signal detectability since 
there is a simultaneous reduction of noise in the output circultry. Because 
of this, a broad maximum results in the curves representing signal detect- 
ability versus video bandwidth (for different predetection bandwidths) 
under typical conditions (Figure 9-16, and Figure 8.20 of Keference 11). 

If only c-w or audio amplitude-niodulated signals were anticipated, 8 
could be nurrowed by orders of magnitude (with profit in reduced noise). 
In view of this, it is not uncommon to find mere than one postdetection am- 
plifier paralleled in « general purpose receiver. A wideband amplifier (many 
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megacycies in width) might be arsociated 


| “ with a high-Adelity “analyals’ output 
; channel, a circuit of more moderate 
i bandwidth (leading to a better signai- 


to-nolae ratio) might be available for 
regular pulse-signal detection and dis- 
play; and a third, very .arrow channel 


Se renege —ecteam—mnte favoring & high signal-to-nolse ratio for 
2 to Aine LENIN x EE Sa cow signals might be Included as an 


Fiouns 9-36 Signal threshold power additional eption. 
wis ie Rees ee ec function it tx often true that @ may neces- 
arlly exceed substantially the value re- 
quized to pass the frequencies present in the spectrum of the Intercepted 
signals. This contributes to a value c. effective nolae bandwidth B in excess 
of thet which would be optimum from purely maximum sensitivliy considera- 
tions; tals accounts in part for why an intercept receiver may be less sex- 
sitive than a comparabio narrow band, specialized (radars receiver represent- 
ing an equivalen: state-of-the-art, 

Actuahy, B, as used in Eq (9-4) and (9-5), is a complicated function of 
pre- and postdstection bandwidths, signe} level, the type of signal (c-w or 
pulsed), and detector characteristic. With respect to the last item, a common 
situation of particule: practical importance [s that in which the signal and 
nolse powers are roughly equal. This often occurs as a true ‘“weak-signal’’ 
condition in which the detector exhibits square-law characteristics, If signal 
and noise powers at the detector are of comparable magnitude, a square- 
law characteristic is usually spplicable regardless of absolute power level and 
independent of the basic detector characteristic at that level for a noise-free 
signal (pagea 301-308 of Reference 8). 

Presumiog a scuare-law characteristic, B becomes dependent on both pre- 
and postdetection bandwidth (@ and 8) as represented in Eq (9-9) which Is 
accurate for pulsed signals (Cuapter V of Reference 12). 


B == (2a8 + 38") + 2g (9-9) 


Equation (9-9) presumes @ co be at least as large as 8; that is the usual cir- 
cumetance. Should @ exceed a, it is appropriate to assume In the calculations 
that B is equal to a. The selection of sign for the second term (+ 28) de- 
pends on whether or not a contribution in the output brought about by a 
product of noise and signal pulse {s considered signal (to decrease 8B) or noise 
(to increase B). It is sometimes ignored; this is not safe when a and £ are 
comparable in magnitude because the effect on B is substantial. This con- 
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tribution has an important practical effect hecause this algnal-ciependent 
noise superimposed on the cruise form can distort the pulse shape and thereby 
affect triggering circuitry. Ia tae special case, rarticulerly important to I[n- 
tercept receivers. wnere a is substantially larger than 6, Za (9-0) eslmolifies 
to 


B= (2 ap)* (9-10) 


A rectangular passband is Implied with the use of an @ value. This is eub- 
stantially satisfied In practice with multistage filter circuits. If a, however, {is 
set by the 3-decibel bandwidth of a single tuned circuit, the effective band- 
width for noise is 1.570; it is 1.22@ for two such stages In cascade. 


9.6.3 Gain and Dynamic Range 

As ig true for receivers in general, maximum gain requirements are set by 
the nced for the abliiiy to raise the level cf the input aigneal of minimum 
usable amplitude (as determined by signa!-to-noise considerations) to a 
specified minimum output amplitude value. A maximum gain of one hundred 
decibels would not be an unusual requirement. A complication {s injected in 
many intercept rece!ver applications by the need to handie signais of widely 
varying amplitude in rapld sequence—in a time framework permitting no 
manual adjustment of a gain control, Yet it !s generally desirable to retain 
some substantial representat!on of original amplitude varietion in the re- 
ceiver output signals so as to permit modulation determination, measure- 
nent of antenna acan characteristics, relative signal amplitude dete: mination, 
etc. The result is the impusition of severe requirements on jy’. <:-range 
characteristics. While some compression of signa!-level varluticn °. the out- 
put must be anticipated (in view of a possible 190-decibel ra:ge in Input 
signal levels), it is important that the compyeasion (clipping, Hmiting, etc.) 
be of an acceptable character. This has led to much attention to automatic 
gain control (age) circultry, amplifiers with logarithmic characteristics, etc. 
it is a factor affecting the gain distribution throughout a receiver—r-f gain (if 
possible) versus J-f gain versus video amplifier gain, etc., there belng advan- 
tages (in recovery time, for example) In allocating certain gain-control func- 
tlons to certain amplifier types. The subject Is of such importance as to 
Justify special treatment In Chapter 24. A purticularly difficult problem may 
exist in the simple direct-detection receiver where a square-law detector 
characteristic can increase the dynamic-range problem in the following viceo 
amplifier. (A 10-db amplitude change before detection may translate into a 
20-db change In the video amplifier.) In that recelver, the video arnplifier 
provides the only opportunity for control of gain characteristics. The situa- 
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tlon in a almple crystal-video receiver is relleved somewhat by its lower 
ronsitivity, with a correapondingly smalier dynamic range required {a normal 
operation. 


9.5.4 Tuning Range und Tunebillty 

The tuning range of an intercept receiver is definec a2 that total frequency 
excursion (the r-f bandwidth 0) over which the receiver accentsace kand- 
width cen be adjusted, ie, “tuned”. When the acceptance bandwidth, ¢, 
matenes the r-f bandwidth (as in the direct-detection, “wide-open” recelver) 
there is no tuning to be done and “tuning range” has no meaning. But when 
the acceptance bandwidth {s less than tho total r-f bandwidth, a tuning 
process must be {natituted if the ‘otal r-f bandwidth is to be monitored. 
The ease with which the tuning can be accomplished and the flexibility in 
the tuning program relates to “‘tunabliity”. 

Tunabdility is of prime importance in intercept zeceivers. In combination 
with acceptance bandwidth characteristics, {t largely aets the intercep: prob- 
ability of tho system as regards search for signals in frequency. This im- 
portance hes generated a wide variation In tuning techniques and associated 
features. In terms of sophistication (and this is mot necessarily a meazure 
of value) tuning processes range from yechanically operated (by hand or 
mctor drive) “slow” sweepa measured in seconds per scan, through elec- 
tronic tuning of many scans per second (rapid sweep), to situations where 
tuning rates are measured {n thousands of megacycles per second per micro- 
wecond (Microsweep). The term “scan frequency” ordinarily refers to the 
number of periodic sweeps across the r-f band (or subband) per second. 
The “scar rate” ls the rate of change of frequency (often in megacycles 
per second per second). 

The mechanisms for accomplishing this variety of tuning schemes are 
many and reflec: the Jatest innovetionas in components and circuits—elec- 
tronically tuned oscillators and amplifiers, dielectric tuning, permeability 
tuning, etc. The Important components and techniques are described in- 
dividually in Chapters 26, 27, and 28. 

While the noceasary developments of flexibility in tuning continually tax 
the state-of-the-art. intercept receiver requirements in tuning stability and 
In automatic frequency control (afc) are often not severe. This reflects the 
fact that there la usually only a short-term Interest In fndividual signals. 
Frequency measurement is apt to be important on a relative (rather than 
on an absolute) basis. There are exceotions in uses that arise In the !ower 
frequency ranges, or if a precise ana!vsis of a stable micrcwave signal is to be 
conducted, or in correlating measurements made with different receivers. 
The requirements in stability and frequency control can usually be met by 
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stanca:d recelver techniaues, but there fs often an associate problem aris: 
fug from the need to stabilize unusual tuning mechanisms that may ordinar- 
ily be operating at high tuning rates. 

Some of the properties of tunable receivers are uniquely linked to the 
tuning rate. These can best be described using the time aud bandwidth 
definition included in the Introduction to Sectlon $.§. 

Thus, in 2 slow-sean receiver the relationship « << D usually holds. 
Some Important characteristics are set by the time required to tune through 
D (the time #,) with respect tc the effective signai curation ty << %, 
(as with flash signals), intercept probsbi'ity will be very poor. If #4. < & 
(where ¢y, perhaps, {s conditioned Ly the main-beam illumination time of 
the receiver by the transmitter antenna), the Intercept probability wiil be 
poor, If ts > é, (where #, becomes long because of a possible ability of the 
recelver to receive a “continuous” signal via minor-lobe radiation), the 
intercept probability can be exczilent. 

it {s often important in searching for pulsed signais tha. a faries- 
band scanning receiver nat tune through the signal frequency in the 
interval between pulses, ¢,. The following considerations then apply. The 
acceptance bandwidth, a, often is fixed (perhaps by reasclution require- 
menis); the reception time on-frequency ia then wet by a arid che scan 
lime, ¢,, and must es a minimum value be at least equal to ¢,. The receotion 
time might better be set to a value (# -- 1)#, where » defines a number of 
consecutive pulses ag recuired to distinguish a signal (in contrast to a 
single noise pulse) or to identiiy a signal by some combination of charac- 
teristics. This on-frequency time is guaranteed by a minimum scan time, 
$,, such that® 


t= (nm — 1)t,D/ @ (9-11) 


The reciprocal relationships between scan frequency, f,, and scan period, ¢,, 
and between prf and the Interval between pulses, ¢,, gives the expression 





| _ _(prf) | a 
f, (in cycles per second) == Gee) i (9-12) 


In a rapid-scan receiver, the scan time, ¢,, Is ordinarily made equal to or 
less than the signal duration, &y. When ¢,; is fixed by the main beam trans- 


*There uaually wil! be an uncertalnty as to values to be selected for the signal charac- 
terlaticn ta, tw, te (= 1/prf), etc. The worst conditions anticipated from the Intercept 
point-of-view for signals in the range D are often taken, ic., shortest pulse, lowest prf, 
etc, 
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misaion time of a scanning radar antenna, the acan frequency, /,, ordinarily 
will be set to a few tens of cycles per second. This rate is consistent, too, 
with the development of s Aickerless pancramic visual presentation of signal 
activity In the monitored band. The total number of pulses transmitted by 
@ radar in the interval ¢, is given by the product of ¢, and the prf. The 
number of pulses intercepted {n the Interval ¢, on an average will be given 
by © = a pr! te/D when typical numbers are Inserted for a saor$ teansmis- 
sion isterval, tq, It becomes opvious that a must te large (perhaps 20 percent 
of D) ifs recognizable output signal is to be developed. 

A microsweep rsceiver is one in whick ordinarily ¢, S ¢., 4.e., the recelver 
scans ithe total range, D, In the time duration, ¢,,, of tha shortest anticipated 
pulse. Intercept probabliity is again high though there are attendant prob- 
lems in circultry. The bandwidth, «, is carefully selected to achieve useful 
resolution characteristics and to minimize rise-t:me problems (considering 
the very short fractional pulses which must be dealt with In the receiver 
circuits). 

Frequency scanning implies a time-shariig ef the ctiention of the recelver. 
The desinn philosophy in scanning receivers {5 to arrange matters so that 
each signs! racelves sufficient immediate attention to establish quickly the 
information desired from {t. The hope ja that tne lack of cuntinulng atien- 
tion will, In effect, exclude only largely redundant information. It is to be 
noted that over a long averaging period (over a long ¢, or over many perl- 

ic, short é¢ intervals), the intercepted fraction of the total signal avallabie 
to the recelver is fixed only by the ratic «/D and is inderendent of scan 
rate. There are, however, optimum: choices of a and scan rate which insure 
that some portion of the transmission will be recelved early in the trans: 
miasion interval (for high intercept probability) and that the a/D fraction 
represents a form of the signal, peshaps groups of consecutive pulses, such 
that the Intercept has meaning. 

Generally speaking, the non-scan receiver has high intercept probability 
vut essentially no resolution In frequency: senaltivity is usually low. The 
slow-acan receiver features high intercept probability ior some signals, very 
poor {intercept probability for others, good resolution !n frequency and, 
ordinarily, nigh sensitivity. The rapid-scan and microsweep receivers feature 
generally good Intercept probability but necessarily compromise thelr abilities 
In resolution and sensitivity depending on actual scan-rates and bandwidths. 
Thus, each receiver type has attractions and deficiences in basic Intercept 
and signal-selection characteristics linked to tuning processes and tunability. 
These compromises appear, as well, in othe: aspects—-stability, data-han- 
dling abilities, versatilitv with respect to the detection and analysis of unusus! 
signals, etc. Each type has virtues that recommend it for certain important 





~~. 


9-46 ELECTRONIC COUNTERMEASURES 


uses, and much racelver design work has been concerned with max‘mizing 
the operational utility associated with a given type. 


9.5.5 Spurlous Signal Resronee 

“eme substantial attention must be accorded {a recelver design ta the 
possible internal generation of spurioua signals and responses, Seyeral sources 
wili be mentioned later: images, harmonic mixing, etc., In superheterodynes; 
the generation of harmonics and cross-modulation products {rm r-f preampil- 
fiers, direct-detection in mixers, direct-detector response io stroag algnals in 
another r-f band, ete. In ancther azxea, !ocal-oscilliator radiation can be 
troublesome (when received by 3 second receiver); and transient disturb- 
ances fram intermitcent awitching operations, electrical interference from 
blower motors, etc., can be Interpreted falsely as signals by the receiver 
circultry. 

There is another aspect to the spurious signa! problem thet Is largely 
beyond the control of the receiver designer. There may be avrilable to the 
receiver actual radiated algnals that ave false in the sense that they were 
not intentionally generated. Thus, physical objects local to the t-asmitter 
or recelver can generate “site” reflections that can add “pulse-’’ to the 
general signal environment, or can distort the apparent characteristics of 
actual recelved pulses, Doppier shifts can be important. Tranamitier moding 
can produce large-ampiltude signals on frequencies not harmonically related 
to the basic transmitter frequency. Transmitter harmonics are common, and 
when transmitted beam powers are rated in billlors of watts, a spurious 
signal down 4C or 50 decibels is still appreciable. Multipath propagation, 
tropospheric scetter transmiasion, etc., can distort signal shapes. modula- 
tions, apparent directions-of-arrival, etc. This false Information cannot be 
charged to the receiver; it is truly contained in the radiations actually 
present. The important thing is to recognize the distortions for what they 
gic, and to realize that an exaggerated refinement Imposed on receiver 
measuring abliities may be fruitless and custly if the recelver must operate 
in an environment where the quality of the data available to it prohibits 
intelligent use of these abilities. 

There is a diatinction to be drawn between these distortions of inten- 
tionally radiated signals and the radiation cf electromagnetic energy Incl- 
dental to certain industrial or research processes. The detection of the latter 
class of signals may well be legitimate objectives of a reconnaissance opera- 
tion because of the Information imparted by such signals. 


9.5.6 Data Read-Get 
An important factor in the design or selection of a countermeasures re- 
ceiver is its ability to work with associated equipment in accomplishing a 
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particular task—-to werk with d-f equipment, with « particular signe! analy- 
zer, or with a certain signal read-out unit, A recelver may have an extra 
utility because the form of the output data is readily adapted to the needs 
of a computer or telemetry equipment. A receiver may be an optimum 
choice for a particulsr task because of unique abilities to handle certain 
signal parameters, or combinations thereof; this, in turn, leading to de- 
sitatle abllitics In signal segregation and identification, or in new signai 
recognition (new In characteristics, or new in “time” in the sense of the 
recent appearance of the signal). 

Thus. an important varieble {n intercept receiver design is the form, or 
forms, of data read-out. The variety stems from the variable natures of the 
intercepted signals, and particularly from the many uses to which the output 
data may be put. Consideration must be given to the form cf data presenta- 
tion for analysis, whether this process [s to be accomplished at the time of 
intercept or later. Although these processes are discussed in detalii in Chap- 
ter 11, thelr influence on intercept recelver design and operation {is quite 
significant and should be recognized. Two basic approaches can he outlined: 
quantized and continuous. In ths former, storage channela or electronic 
codes (of predetermined range) are used for characterizing each signa! 
parameter, and it fs necessary only to mecsure the parameter with sufficient 
accuracy to quantize it into the appropriate storage channel. This approach 
is more easily adapted to digitizing and subsequent machine sorting and 
processing of deta, which may be the only feasible means of reducing the 
tremendous amounts of data Intezcepted in a high signal density environ- 
ment. However, the “fine structure” of each signal is destroyed, and aslg- 
nificant technical information may be lost. The continuous (or anglog) 
approsch alternatively involves presentation and/or storage of signal en- 
velope information im a near-orlginal form, cathode-ray tube (CRT) 
displays, mothon p.ctures, strip films, direct tape recording, etc.), Analysis 
in this case usually requires substantial human Involvemer.:, even with 
sophisticated auxiliary read-out equipment. Further, the postdetection band- 
widths required are usually greater. While the optimum output data forms 
suggested by the analysis needs often can be provided through suitable 
engineering design, certain types of receivers are basically more compatible 
with these needs. This is discussed further in Sectlon 9.6. 


9.6 Receiver Identification 

It is convenient for discussion to group types of intercept receivers in 
accordance with some common electrical or operational characteristics. 
There are several bases for classification, the substantial number atemming 
from the severa! major factors that influence Intercept recelver design. 
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For example, recelvers are sometimes ciassified on the basis of frequency 
range---LF, HF, VHF, microwave, etc. Sometimes the types of signala 
scught provide the differentiation—communicetions, rader, missile guid- 
ance; cr pulse, c-w, FM, ste. 

A means for grouping Is provided by the Intended time-utilzation of the 
intercepted data. The datn may be utilized! Immediately to warn of a missile 
attack, of the presence of an ASW aircraft, stc. The data may be used /n the 
near future—to aid pianning of a new strike route, the selection of counter- 
measures equipment to be carried on the next mission, etc. Or the data may 
he utilized nonths from the time of Intercept. foliowing prolonged analysis 
to extract technical information of long-range imporiance. This time segre- 
gation carries with it Implications In data quality and tetal processing since 
the demands on accuracy of measurement ave substantially different in re- 
celvers for warning, strategic search, special search, etc.; so also are de- 
mands cn Intercept probability—the xssurance that the important signals 
are Deing detected in the minimum possible time. 

It is possible to cataiog receivers by basic circuitry (direct-detection, 
superheterodyne, etc.). Anuther mechanism Is furnished by circuit features 
of perticular meaning to intercept recelvers such as tuning (scanning) char- 
acteristics, acceptance bandwidth characteristics, etc. Cataloging In this 
chapter will folluw the basic circuit differentiation because of the concern 
with techniques; there will be discussions of two basic types (1) dérzct- 
detection receivers, with and without r-{ preamplification, and with contrast- 
ing acceptance bundwidths and tuning processes, and (2) superketerodyne 
receivers similurly differentiated. In addition, mention will be made of some 
miscellaneous types not conveniently catalogued as above—superregenera- 
tive, direct-display (spectrum analyzer‘, etc, There will be no attempt to 
cover all intercept receivers currently in use, in production, or in develop- 
ment. (For such information see Reference 3). 


9.7 Direct-Detection Recelvers 

These receivers are characterized electrically by a direct conversion from 
the radio-frequency form of the signal to a video or audio frequency counter- 
part-—the video- or audio-frequency modulation is recovered by direct detec- 
tion of the radio frequency signal. The simple crystal-video receiver is the 
outstanding example (Figure 9-17¢). As a class, these recelvers exhibit rela- 
tively poor sensitivity and selectivity, but also simpilcity, light welght, and 
low-power consumption. It is almost axiomatic that as the sensitivity or 
selectivity characteristics are improved by circuit innovation (with pre- 
amplification, for example) there is a corresponding loas in the attractive 
size and weight characteristics that are Identified with the basic crystal- 
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video unit. However, tke results 
provided by the more complex as- 
semblage may still be very attrac- 
tive and quite competitive with 
other recelver design spproaches. 
If no r-f preamplification is om- 
ployed, the maximum acceptance 
bandwidth of the direct-detection 
receiver (ard, hence, the total r-f 
band monitored) is limited dy the 
frequency characteristics of the 





FW tunable = eyitel Vides antenna, by any passive r-f filter 
preampitice  Prosetecter§ © detector “ata fige 
| that might be used, or by the ref 
Frours 9-17 Direct-detection receivers. bandwidth of the detector unit. Op- 


eration is obviously restricted to 
the overlap frequency range of any band-limiting devices that may be inter- 
posed ahoad of the detector element. In this circumstance, over-all receiver 
sensitivity is aet by the characteristics of the detector unit and is suostant!- 
ally independent of acceptance bendwidth. (This presumes some care to 
lisure Jow-nolse properties in the video emplifier.) In other words, the 
receiver noise output is set by the nolse properties of the detector, these 
being such that detector noise overrides the contribution from other circult 
elements (Chapter 19 of Reference i). 

If r-f preamplification {s employed, it is usual that the r-f bandwidth 
properties of the preamplifier will set the bandwidth characteristics for the 
recelver. Aisc, the sensitivity will be set by the acceptance bandwidth and 
noise figure of the preamplifier. (This presumes a certain minimum gain In 
the preamplifier, relative to its s:olse-figure and to the nolse-figure of the 
following stage. The preamplifier noise contribution then predominates in 
the total recelver output nolse; see Reference 13) 


9.7.1 Broad Acceptance Band Direct-Detection Receivers 

This category includes the untuned, wide-cpen, crystal-videu receivers. 
The total r-f band monitored corresponds identically to the acceptance band- 
width; there is no tuning. The particular attractions are the simplicity, 
light weight, small size, low power consumption, etc.; and, for many uses, 
the high fatercept probability. Intercept provability Is unity for those signals 
huving sufficient amplitude to be detected and recognises. Unfortunately, 
the sensitivity is apt to be low, tangential sensitivities of —45 to —55 dbm 
baing typical in the microwave range below K-band and with reasonable 
(megacycle) video bandwidths. When “electrical” detection (automatic trig- 
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gering) is employed, a practical sensitivity range ls —35 to 43 dbm with a 
reasonable false-alarm rate. 

‘Ihe heart of the receiver is the detector unit; both bandwidth and sensl- 
tivity are directly related to {ts properties. The substantial research and 
development efforts on detectors are producing continuing improvements. 
As of this time (circa 1959) r-f bandwidths from 2:1 to 10:1 are standerd 
and tangential sensitivities of -~55 dbm or better are anticipated (with a 
one-megacycle video bandwidth). 

Detector units are under development for use to frequencies substantially 
above i100 kilomegacycies per second, and in many of the higher frequency 
bands this receiver type represents, at the moment, the only available 
technique. 

The drawbacks are the ‘ow sensitivity, and the absence of frequency 
selectivity. Precise measurement’ of frequency Is not possible. Because of 
the lack of resolution In frequency, data rates are high in high-signal density 
areas, and trouble msy be encountered !n establishing any practical in- 
dividual signal recognition or selection.* Because of the wide variations in 
the amplitudes of Incident signals simultaneously present there is apt to be 
a dynamic range problem. Ordinarily, manual gain adjustment is not feas- 
ible; the circuitry must be able to handle the many signals without gain 
adjustment. The gain control problem is complicated In the video circultry 
because of the dynamic range expansion resulting from the square-law de- 
tector characteristic applicable over much of the r-f Input signal amplitude 
range. Considerable attention to the design and use of logarithmic video 
amplifiers with this type of recelver has resulted. Transistor circuitry has a 
natural association with the small size, welght, and power consumption 
properties desired in these recelvers and some truly remarkable units have 
been developed. 

The physical nature of the r-f circuitry is dependent on the frequency 
band involved and is ordinarily, though not necessarily, of coaxial, strip- 
line, or waveguide configuration. Because of the low sensitivity it is not un- 
common to locate the detec.or unit immediately following a directional 
microwave antenna. There results a sensitivity benefit from the antenna gain 
and from the reduced transmission-line losses. Thus, this configuration pro- 
vides a space discrimination (fixed or scanning) with a sensitivity improve- 
ment analogous to the frequency discrimination and seneltivity improve- 
ment obtained in a tunable receiver. 


*However, the resultant wide-open nature of the receiver may well permit the effective 
measurement of other e'ynal parameters, so as to completely offset the Inability to 
measure frequency. Indeed, Ifa single emitter transmits programmed or random pulse-to- 
pulse frequency varlations, a frequency-selective Intercept receiver would be in some 
difficulty. 
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9.7.2 The Untuned Receiver With KR-F Preampiification 

A basic attack on the sensitivity problem is eften meade via broadband r-f 
preamplification with a TWT usuaily providing the basic mechanism. Bend- 
width and gain characteristics then ere controlled by the r-f amplifier tube 
as shown 'n Figure 9-17(6), A 3:1 ref bandwidth is common up through 
X-band with narrower bandwidths possible in the lower K-band. Nolse 
figures of 5 to 25 decibels are not uncommon, as seen in Chapters 26 and 
27, depending on the nature of the TWT. The lower nolse-figures are ordin- 
arily associated with physically heavier tubes, narrower-band tubes, and, to 
some extent, with lower frequency tubes. Despite a higher nolse-figure, the 
characteristics of the light-weight tubes (permanent magnet focussed, electro- 
statically focussed, etc.) are more consistent with the weight and power 
consumption objectives of the crystal-video receiver and are frequently 
chosen for these advantages (Figure 9-18). 

The tangential sensitivity of broadband receivers with TWT preamplifica- 
tion typically range from -60 to -80 dbm in accordance with TWT nolse 
characteristics. Any such sensitivity improvement accentuates tremendously 
the potential confusion arising in high-signal density environments. For- 
tunately, the nature of the TWT r-f preamplification affords a partial rem- 
edy through the automatic r-f gain confrol (age) processes made possible. 
One such technique assists a sequential attention to signala on an ampiltude 
basis in those instances when the scanning actions (in direction) of trans- 
mitting and, possibly, receiving antennas (plus the possible physical motion 
of transimiier and/or receiver) tend to cause each of the signals, in turn, 
to be the strongest present. The agc action can be made to favor the strong 
signa) by causing a momentary suppression of the others present; the ten- 
dency, then, is to produce a clean “look” at each signal in turn. There re- 
sults a ‘‘time segregation” of signals, which can ke an important ald to 
signal selection. 


9.7.3 Direct-Detection Receivers With Tunable Preselection 

The problems In data handling occasioned by the ‘' wide-open” operation 
of the broadband receiver can be largely relieved by deliberately restricting 
the acceptance bandwidth of the recelver. This can be done by adding a 
narrow-band, passi.. r-f filter adjustable in frequency (Figure 9-17c). The 
principal gain is In selectivity (and, hence, in reduction of interference) and 
in accuracy of frequency measurement. There is at best rio gain in sens!- 
tivity; presuming no preamplification, the acceptance bandwidth variation 
has no practical effect on recelver nolse output power. There is a loss in 
intercept probability since, basically, the attention of the recelver to an r-f 
signal frequency must be time-shared with the other frequency increments 
that together compose the total band to be monitored. 
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Important parameters in connection with a tunable, passive filter are Its 
acceptance bandwidth (usually the 3-decibel bandwidth), the mid-band 
insertion loss, the “skirt” selectivity (a measure of the ability to reject 
large amplitude, off-frequency signals) and the tuning mechanism-—manual 
or motor drive, tuning speed, etc. Ordinary filter theory appHes, f.e., Inser- 
tion loss increases but skirt selectivity improves as the number of cascaded 
circults In the filter is increased. Bandwidths range typically from a ‘rac- 
tion of a percent to sevezal percent of the total tuning renge. The design of 
tmable passive filters for preselector use is discussed <7 Chapter 283 of 
Reierence 2. 

There are but few practica; ssce'vers of this type. ‘che addition of a tun- 
able iter penalizes the basic slmpilctty of the crystal-video receiver while 
the remaining lack of se:sitivity is a definite drawback. Ip che absence of 
substantial sensitivity (suificlent to permit reception of sainor-lobe radiation 
from the transmitting antenns) there is a serious los: of Intercept probswility 
brought about by the reduction in acceptance banawidth. (This is discussed 
in Section 9.5 where ¢, will be at least mod¢zately short aad ts < 4,.) 


9.7.4 The Addition of Prese!cctior ius R-F Preamplification 

The electrical performance so!eziions to the direct-cetection revelver plus 
4 passive, tunable filter =ce largely removed when s-{ preamplification is 
added to the systesi. whysicsliy, this can be done in two ways: by adding 
a broadband unt::-cd preamplifier such that the receiver bandwidth !s still 
detersuned hy ine passive filter, or by adding 2 tunable preamplifier having, 
in itself .ae acceptance bandwidth characteristics desired for the receives, 

If ths broadband preamplificr is used, there are two poseible conSzaya- 
sions: it can be connected directly to the antenna with the narrc@er-band 
tursble filter interposed between it and the detector unit, of 7¢ can foliow 
the filter and directly precede the detector. There are Ofguments for each 
scheme with the majority favoring the use of the pregmplifier as the input 
element (Figure 9-17d). In particular, {f the filtes follows the amplifier it 
then restricts the noise bandwidth as well ay the sipnal acceptance band- 
width and the sensitivity is conditioned Zy the preamonlifier noise figure 
(presuming reasonable preamplifier ge’) taken with the following narrow 
rf Mter bandwidth, ter prcrng the would be penalized since the nolse 





bandwidth with the filter preceding the amplifier would remain as the total 
bandwidth of the preampitijer even though the incremental bandwidth for 
signal reception * would be reduced. In addition, the preamplifier (as the 
Input element) oftez can be operated physically «¢ a location remote from 
the receiver {ise perhaps at the antenna, so that subsequent transmission 
cable or Waveguide losses do not impair the basic sensitivity of the receiver 
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(since Suth nolse and signal are attenuated equatiy). It Is usually more 
difficult to operate a tunable filter by remote control as would be necessary 
were It to be associated with the remote antenna as the input element. 

There Is one important advantage in having the filter precede the ampli- 
fier. Limiting may well occur in the amplifier because the dynamic ranges of 
input signals may far exceed the amplifier capabilities. If two algnals are 
present in the amplifier simultaneously, mixing is possible such that output 
aignals on spurious frequencies can be produced; they mzy be interpreted 
as genuine when a filter (following the amplifier) turcs to a spuricus fre- 
quency. If the filter precedes the amplifier, any signals passing through the 
filter must have been present at the receiver input and to that extent they 
can be classified as legitimate. 

A preamplified video receiver with two 7-14-kme channels is shown In 
Figure 9-16. 
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Fiounx 9-18 A preamplified crystal video receiver. This unit contains two separate 7-14 
kilomogacycle channels, each having a TWT preamplifier, a detector, and a video ampli- 
fler, as well as an integral power supply. 


The second important class of receivers of this basic type employs elec- 
tronically tuned preamplifiers having In themselves the acceptance band- 
width characteristics desired for the system. Dispersive TWT amplifiers 
und backward-wave amplifiers, both voltage-tuned devices, represent the 
principal components for use in the microwave ranges. The dispersive TWT 
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3a Ub ance ce eldhecause its gain is variable !s. an so too Is its 
acceptance bandwidth. The latter quantity Is quite targe (uaually 10 to 49 
percent of the center radio frequency). Noles figures ordinarily are not good 
and the skirt selectivity is mocierate!y poor. Even though some improvercrit 
in bandwidth characteristice can te obtained by cascading tubss (10 form 
a multistage empiifier) the over-all chacacterieth.» are usactractive for many 
important uses. A sensitivity of —55 to ~68 dim at S-band {5 typicai. 

The vackward-wave amplifier prom‘ces better performanc: in terms of 
volse nguié, gain, end resoltiun—acceptance bandwidths of 0.1 to 1.0 
percent being quite reasonable. Since the resulting receivers are electrically 
tuned, a great versatility in tuning Is possible; this leads naturally to pan- 
oram's visual presentation of intercepted signals ar a primary direct display 
inechanism; It provides for the automatic signal control of the freauency 
scan process (to put the receiver on-frequency); and It provides an cutput 
voltage related to frequency (the control for the electronically tunable 
element) that is conventent for recording and automatic procsssing purposes. 

Basically, the tuned, narrow-band, direct-detection recelyzr with r-f pre- 
amplification—a true TRF configuration—conatitutes a very useful receiver 
class. It is excellent competition for the superheterodyne as regards nolse 
figure and bandwidth (and hence sensitivity), and tunability. In some 
instances it is less troubled with spurious responses (a very important as- 
pect). S-band sensitivities in the —100 dbm range for a 5-megacycle accep- 
tance bandwidth have been developed. However, the uniformity of charac- 
teristics as a function of frequency, the skirt selectivity, and the versatility 
(in bandwidth adjustment) are factors apt to be poorer than those found 
in a comparable superheterodyne. The superheterodyne now is ordinarily 
favored In those frequency ranges in which components for both exist. but 
advances in techniques are causing increased attention to the TRF receiver. 


9.7.5 Multiple-Channe:, Direct-Detection Receiver 

The limited acceptance bandwidth of the TRF receiver necessitates a 
tuning program. But in no event will the proportion of tine spent on any 
one frequency, on the average, exceed the ratio of acceptance Lundwidth to 
total r-f bandwidth. Thus, the time devoted to any frequency may be very 
small and Intercept probability will certainly suffer in some important 
circumstances. The ‘‘multiple-channel” direct-detecition receiver is an in- 
genious approach to high intercept probability with the retention of fre- 
quency resolution. (The instantaneous frequency indicators of Section 9.10.1! 
have similar attractions. A multiple-channel receiver ts described in detail 
in Reference 14). 

Such a receiver {* 'ustrated in Figure 9-19. A multiplicity of passive, 
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fixed-tuned filters provides con- 
at tiguous frequency coverage over 
iT TO) OG) []ettentmm nme @ band given by the product ma 
|B BOE A B Bewetennn where m is the number of filters 





yo Cee HY Wim §68and a is thelr indivicual accept- 
Saenger ee ance bandwidth. The filters are 





Fiovure 9-19 uv M ‘channel direct-detec- 
ach receiver. coupled In parallel to the antenna 


and each feeds an Individual 
detector-video amplifier combination. As a consequence, the receiver is al- 
ways sensitive on all fzequencies. Thus, it has high Intercept probability 
for signals of sufficient strength regardiess cf frequency—but it has, as well. 
the resolving power and frequency measuring ability associated with the 
individual filter bendwidths. This is an attractive combination; a receiver 
sensitive to all frequencies at all times but with substantial resolution in 
frequency.* 

In effect the receiver quantizes the intercepted Information by discrete 
frequency subbands. A logical, simple visual display can be provided by a 
bank of lamps; an activated light signifies occupancy of the incremental 
bandwidth with which the lamp {s associated. Digitizing of the information 
is readily possible; it is necessary only to aseociate an appropriate identi- 
fying code word with each frequency channel, This !s a particularly useful 
alternavive read-out |i the data are to be recorded and machine processed. 

The in.gue circuitry associated with this recelver type resides in the 
individual passive filters defining each frequency subband. Multiclement 
tilters are ordinarily employed. Physically, the elements may involve coaxial, 
waveguide, or strip-line techniques. The complexity of the filter {s controlled 
largely by the filter characteristics desired—the shapo of the passband, the 
off-frequency rejection, the allowable insertion loss, etc. 

There are two principal problems. First, a suitable low-loss coupling to 
the many filter inputs must be made from a single antenna. Second, the 
design must recognize an ambiguity problem that can arise when signale 
are received at frequencies near crossover points of adjacent filters. Thix 
latter problem is revealed in Figure 9-20. Presuming something iess than 
infinite skirt selectivity (and a nonrectangular passband shape) it Js appar- 
ent that a strong signal in the filter crossover region can register in more 


“The “spanotron” is a microwave tube providing inherently the propertics of fre- 
quency selection and detection equivalent to the passive filter-crystal detector combina- 
tion, The latter combination appears to have practical advantages arguing against the 
use of the spnnotron except in special ceases. A tunable, single-channel equivalent of the 
spanotron is furnished by the cyclotron resonance ri detector tube. A comparison of the 
two (and a complete reference Iiat) is given in Reference 15. 
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Fioure 9-20 Posslbie ambiguity in 
multiple-channel receiver. A signal at 
fe can register in more than one chan- 
nei (but et different amplitude levels: 
#5, %a, te), 


ELECTRONIC COUNTERMEASURES 


thar, one channel—hence, the ambigulty. 
Fortunately, it can be expected that the 
signal levels in the several affected chan- 
nels will be different and this furnishes 
the basis for the operation of video logic 
circultry which “assigns” « signal to an 
individual channel Indicator by noting 
relative responses and combinations of 
responses. Such circuits are sometimes 
called “ambels” ior “ambigu/ty elmina- 
tors’’, 


Since the ivugic circuit uperation is based on relative amplitude, very 
deinite requirements are automatically imposed on standardized gain and 
response characteristics in yideo amplifiers, on unlform characteristics in 
direct-detector elements, etc. This need has fostered the development of 
video amplifiers of remarkable unlformity over wide ranges of operation— 
logarithmic video amplifiers being no excepticn. 

This receiver type fa the basis for a very uceful class cf intercep. “‘sys- 
tems’. A receiver of the form described provides a quantized measure of 
intercepted signal frequency. Associated with it Is a second receiver (Figure 





Fiouae 9-41 A receiver for frequency and direction. Time-coin- 
cident outputs x1 and ¥; define frequency and direction of arzival 
of a puis. 
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9-21) wide-open in frequency but quantized in direction; Le., the several 
“channels” are each fed by an individual antenna element having directionai 
properties. The several antenna elements provide contiguous coverage over 
the desired sector (as much as 360 degrees). Thus, an individual signal will 
register in two channels, one ideniifylng signal frequency, the other direction 
of arrival. The two responses can be related on a time-colncidence besis to 
give essentially instantaneous indication of frequency and direction, Further 
extensions to include zome analysis of algnal detalis—prf, pulsewidth, polari- 
zation, etc.—have been developed in still more complex devices. 

These receivers are perticularly adapted to “automatic” operation. Ar 
operator is not basically necessary, and the signa! indications are directly 
adeptabie te recording (through taping or printing). But these features are 
obtained only with reasonably highs signal-to-noise ratios if an excessive 
number of false indications is to ke avoided; basic receiver sensitivity chen 
is ept to be low—to fall in the 35 to ~45 dbm range for S- and X-band 
units. Individual channel widths range from a few megacycies to several tens 
of megecycles. While very substantia! sensitivity improvements can be (and 
are) brought about by the inclusion cf a broadband r-f preamp!ifier ahead 
of the frequency filters, a comperable sensitivity Improvernent in the “‘Jirec- 
tion’”’ channels would require a multiplicity of suck amplifiers ‘and they 
would necessarily have to be balanced in gain-frequency characteristics). 
With the present state-of-the-art this is considered an excessive price; how- 
ever, some sensitivity improvernent is brought about in the direction chan- 
nels by the higher gain of the directional antennas. 


9.8 Superheterodyns Recelvers 

The history of broadcast and communications receivers shows several 
receiver forms—crystal-detector, regenerative, TRF—to have preceded the 
superheterodynes. But the superhetercdynes, by virtue of better sensitivity 
and selectivity, later almost completely dispiacsd the earller types. There 
has been some repetition of this trend In .h2 ralcrowave Intercept recelver 
field. Each new band extending the totai frequency range generally has been 
served first by the less-scohisticaied recelver types. With the developmen: 
uf the necessary components, i242 superheterodynes have then followed, again 
often bringing iraprover, performance in terms of greater sensitivity and 
selectivity. Although i¢ i: of great importance, the superheterodyne, how- 
ever, has not compietcly displaced the other intercept receiver types in the 
microwave ranges nor Goes it appear that it will do so; high sensitivity and 
selectivity alone are not the principal requirements for many Intercept re- 
celver tasks. In fact, many of the superheterodyne design variations to be 
described herein are prompted by the necessity for modifying the basic 
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characteristics associated with that receiver type sco as to produce a greater 
versatility for microwave Intercept receiver use. 


9.3.1 LowFre, acy S aperheterodynes 

At lower frequenciles—the VHF range and below-—the superheterodyre 
is substantially without competition; its excellent sensitivity and selec- 
tivity characterletics are usually of maximum importance. Fortunately, there 
iz an extensive technical background to support the design of these lower 
frequency receivers. it results from the long period of research and develop- 
ment undertaken to satisfy the reculrements imposed on receivers used in 
the comraunications and entertainment fields. Most of this technical infer- 
mation is directly adaptable to use in low-frequency intercept receivers. 

This opportunity for the utilization of “conventional” techniques comes 
about largely because of the particular nature of the low-frequency intercept 
operation, At high frequencies, mere knowledge of the existence of a signal 
at some particular time or of its location can be tremendously important. 
Identification of signal ¢ype, a potentially rapid accomplishment, usually 
rounds out the intercep: operation. But st low frequencies it is necessary to 
anticipate the continual existence of many signals, and there may weli be 
little about the inc!vidua! signal type—AM, FM, code, etc.—that immedi- 
ately identifies it. Determinations of diraction of arrival, propagation mechan- 
ism, polarization, etc., or Gi message content (a time consuming process) 
may be primary system functions as required for signal identification or for 
intelligence purposes, Thus, it is often necessary to accomplish a fast, cursory 
examination of many algnals in a screening precess (and fast-tuning tech- 
niques, panoramic presentations, etc., und application). But the follow-up 
may well be a detailed, ‘ong-time examination of a particular signal. This 
leads to stringent recelver requirements in stavllity, selectivity, sigia!-to- 
nolse ratio, etc., that are most easily catished by the superheterodyne. 

The low-frequency superheterodyne .tercept recelver, then, evolves as 
the natural development of the communications superheterodyne recelver 
augmented frequently with circuitry providing fast-sweep and panoramic 
presentation characteristics. I¢ is interesting to note that even these special- 
ized features are not unkrown in recelvers designed for more conventional 
uses In the same general frequency ranges. 


9.6.2 High-Frecaency Superheterodynes 

The superheterodyne receivers for higher frequencles—particularly In the 
UHF and microwave ranges—-do not have the broad technical support of 
tec.iniques developed for other receivers. Admittediy, the receivers designed 
for incorporation in certain radar systems and in point-to-point communi- 
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cations links are similar in certain important respects. But the intercept 
recelver requirements in terms .. broadband coverage, flexible tunabliity, 
wide or variable acceptance bandwidth, etc., have been substantially unique 
and the related circuitry beara description here. It should be noted thet 
trends in modern electronic weapons systems are producing comparable re- 
quirements for fiexibiiity In the receivers associated with the newer target 
location and weapons guidance systems, 

The diacuasion will be divided on the basis of tuning characteristics and 
ecceptance bandwidth as was done with the direct-detection receivers, The 
order of preventation will be different; the mechanically tuned, sensitive, 
narrow acceptance bandwidth recelver will be first described, the associated 
features being easily generated by superheterodyne techniquas (in contrast 
to the related problems encountered in the direct-detection recelver). 


9.8.3 Mechanically Tuned Superheterodyne Receivers (Slow- 
Scan) * 
This receiver type results from the naturai extenalon of basic super- 
heterodyne techniques to the higher frequency ranges. The block diagram 
is conventiona! (Figure 9-22). 
Ye It is a tremendously important 
ae ae intercept receiver type. Though 
premeyehiy sreveteiier the necessary receiver tech- 
niques are basically familler, 
the extension in frequency and 
operating flexibility is not always easily accomplished. In particular there 
are often new design demands on pre-seloctors, local osciliators, mixers, and 
i-f amplifiers. 

This receiver type admits to a wide selection of loca! oscillators; triodes, 
carcinotrons, backward-wave oscillators, klystrons, etc., all fv use. Though 
it is not fundamentally necessary, the manually tuned receivers often feature 
narrow acceptance bandwidths (of a few megacycies) and thia characteristic 
usually brings an accompanying requirement for local oscillatur stability If 
the recelver is to be operated at all on a fixed-tuned basis. Fortunately, this 
stability requirement {s not incoreistent with the features of mechanically 
tuned local oscillators. 1t also is generaily true that the allowable tuning 
rates, in megacycles per second per second, are then apt to be low. These 
receivers are frequently fitted with a rotor-drive srrangement permitting a 
repetitive scan of the total frequency range, or of a limiced sector, Again, 
scan rates are usually low—a few cycles per second at the maximum {f the 





Fiourz 9-22 Basic superhetesodyne configuration. 


*The classic example is the AN/APR-9. The modern derivation is described in Refer- 
ence 16, 
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primary local ozcillator is Invelved in the tuning process. An excellent ex- 
sinple of this technique is covered in Reference 17. 

Double- and tripie-deteciion techniques find application in these ‘“conven- 
tional” superheterodyne receivers. Of particular interest is the development 
of the panoramic display via a zecond, electronically tuned locas! oscillator 
which furnishes a rapid “scan” of the signals in a wide, first i-f amplifier 
(Section 34-7, pages 984-987 of Reference 2), 

The tuning characteristics of the :ecelver are largely set by the tuning 
versatility of the local orciliator. At some risk it can be generalized that the 
oscillators inherently more difficult to tune (In the technical sense) provide 
advantages in stable operation. The more versatile the receiver tuning, as 
via the electronically tuned oscillators, the lower the stablilty (a dlidvan- 
tage offset in many instances by the greater tun’ng ‘Siexibillty), Local oscil- 
lator r-f output power requirements are conventlonal-.-s few milliwatts, 
typically. except {n special instances. More total output power is required 
in certain receivers utilizing m-!::pie local oscillator signals. These signals 
are sometimes develuped by modulating a higher-power local oscillator so 
as to produce an appropriate spectral distribution of sldebands, each serving 
as & “locsi oscillatcr” signal. 

No unusual mixer techniques are introduced necessarily by the intercept 
recelver implication. The i-f amplifier center frequencies and bandwidths 
are often typical of microwave receivers In general. Mixer conversion losses 
in the order of 6 to 10 decibels at the S-band, and 8 to 12 decthels at the 
X-band are usual with [-f amplifier center frequencies in the 70 to 200 
megacycles per second range. However, image rejection problems vend to be 
accentuated and this has a reaction on mixer Gesign in that unusual selec- 
tions of i-f amplifier center frequencies are suggested. The spurious response 
problem is discussed with particular reference to intercept recelvers in Sec- 
tion 34-8, pages 987-992 of Reference 2. Thus, center frequencies of several 
hundred or several thousand megacycles are aometimes employed. (This 
alds the frequency separation of responses and asslats the selection cf the 
desired response by a preselector of practical selectivity characteristics.) 
The reaction on mixer design is serious usually only if the ratlo of inpu’ 
signal frequency value to the translated Intermediate frequency counter- 
part is low. 

As an alternative to the high i-f amplifier frequency, the center frequency 
is sometimes lowered to bring the two responses together in frequency (the 
zero-frequency superheterodyne), No preselection is employed on the pre- 
sumption that, since the impaired resolution can be tolerated, the closeness 
in frequency cf the responses will ald their identification. This simplifies 
mixer design in one sense (the J-f amplifier frequency is low), However, 
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the system now must contend with possible Increased (low-frequency) 
nolse contributions from the nuxer and local oscillator. It complicates it in 
another sense, for if the |-f amplifier seaponse extends to Jow frequencies, 
the amplifier will pass slgnals developed through the direct-detection action 
of the mixer crystal (in che manner of the crystal-video receiver). Though 
the efficiency of the direct-detection process is low, a substantial response 
can be developed by a« sirong signal. Since the direct-detection action Is not 
conditioned by any frequency selection process, a very substantial confusion 
can result—a direct-detected response may be erroneously related to the 
current frequency setting of the rece!ver which is correctly applicabie oniy 
to signals produced by the normal superheterodyne conversion and detection 
process. One common remedy sects mixer design: by the use of s balanced 
mixer the output signel resulting from direct-detection action can be very 
substantially reduced. Alternatively, e direct-deiection comparison channel 
can be utilized. A third approach Involves r-f compression of dynamic range 
before mixing so as to hold direct-detection apurious re’ ses below the 
nolse levei. 

Much of tho attraction of the superheterodyne intercept receiver resides 
in the characteristics eet by the i-{ amplifier design. In particular, the pass- 
band characteristics and off-frequency signal rejection abilities are of para- 
mount importance. This has led to a great desi of attention to i-f amplifier 
design Intended to accentuate features useful In iniercept receivers—low- 
nolse characteristics, very high or very low center frequencies, logarithmic 
response characteristics jn some cases, wide dynamic range, etc. When the 
requirements are inconsistent for a single amplifier, the usual double- or 
triple-detection principle often affords the answer. The i-f amplifier require- 
ments for the manually tuned narrow scceptance bandwidth recelver are 
largely conventions!, The more important !-f amplitier design variations cre 
described in Section 9.8.4 in connection with electronically tuned super- 
heterodynes. 

One of the problems accentuated in microwave intercept receivers is that 
of preselector design. The receiver that is manually tuned (by hand or by 
motor-drive) is favored in this regard in that there is then admitted for 
consideration the multiple-circuit, mechanically tuned preselector, In com- 
bination with high-center-frequency (VHF) i-f amplifiers (to separate re- 
aponses), miultiple-circult preseiectors can bring about image and spurious 
response rejections in the 60 to 80-decibe! range. It is desirable that the 
insertion loss of such a passive preselector be low; values of 0.5 to 3 decibels 
are usual (Chapter 28, pages 741-795 of Reference 2 and see also Reference 
18). 

There are no special considerations attendant to the development of the 
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second cetector and video amplifier portions of the superheterodyne inter- 
cept receiver. A signal once established in the I-f amolifier can be treated 
= by conventional techniques. It is necessary that the response characteristics 
of (dynamic zange, transient response, etc.) match the requirement of the 
t receiver, But many of the problems in this regard (in developing high gain, 
: talior: seaponse characteristics, etc.) can be handled more cenveniently in 
the /-f amplifier of the superheterodyne than in the postdetection circuitry 
of the direct-detection receiver. The unusual problems that do exist are 
largely generated by the possible multiple-purpose uses for the receiver— 
merhaps the need to handle in quick succession nativw pulse signals, c-w 
signals, FM signals, etc. As a consequence, & single recelver may inVoive & 
conventional second-detector for AM signsia, an FM discriminstor, SSB 
circuitry, a wideband video amplifier to drive a pulse analyzer or video 
- recorder, an audio channel for headphone or tape use, digital read-out clir- 
cultry, etc. These abilities may all be in use simultaneously or individually 
by option. There is a resultant circult complication but no unusually diffi- 
cult design problem uniquely ascribable to the intercept function. 
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9.8.4 The Electronically Tuned Superheterodyne 

Versetility in tuning is the keynete of the electronically tuned super- 
heterodvne. Basic to this receiver type is an electronically tuned local oscil- 
lator—a carcinotron, backward-wave oscillator, helltron, ophitron, voltage- 
tuned magnetron, etc., in the microwave range; usually a yoltage-senaitive 
capacitor or current-sensitive inductor in the frequency-determining circuit 
of a more conventional local oscillator in the lower frequency receivers. It 
is this electronically tuned element which distinguishes the recelver type; 
with this substitution, the block diagram of Figure 9-22 is applicable. 

With this tuning versatility core certain sdvanieges for some Intercent 
receiver uses. The practical limitation on scan rate largely vainahes; the 
frequency scanning procesa cnn be programmed easily cver either full or 
selected incremental r-f bandwidths; the frequency scan can be stopped 
quickly and perhaps automatically on « signal-triggered basis; there is a 
convenient voltage or current versus frequency relationship aiding automatic 
frequency read-out, etc. (Reference 19). 

There are probleras introduced or accentuated by the electronic tun!ng 
process, A high scan rate argues for receiver acceptance bandwidths that 
push the bandwidth capabilities of ccnventional [-f amplifiers; there are not 
now readily available the electronically tuned preselectors having all of the 
characteristics in bandwidth, skirt selectivity, noise figure, etc., ordinarily 
desired, (The backward-wave amplifier offers great promise In this direction.) 
These factors push [-f amplifier design to very low or very high center fre- 
quencies (for control of spurious responses), and to substantial acceptance 
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bandwidths (for higher intercept probability in sore typical search con- 
ditions). 

Microwave |-f amplifiers are sometimes used. There is then no problem 
in developing wide bandwidths (and bandwidth adjustment fe readily ec- 
complished through the insertion of passive, bandwidth limiting filters).* 
By an apprupriste design of the Intermediate frequency atplifier——for ex- 
ample, by selecting s microwave center frequency value greater than the 
width, per band, of the radio freqvency ranges to be monitored-—problems 
from imeges end spurious responses can be lsresly eliminated despite the 
absence of a preselector. It should be noted that some very ingenious schemes 
have been employed succeasfully in receivers to eliminate an image response 
without preselection by, in effect, characterizing the multiple responses such 
that the one desired can be selected by subsequent circuitry. One device 
accomplishes this by s combingtion of balanved mixing and broadband phase 
shifting which establishes a particular signal polarity (assisting selection) for 
the desired response (Reference 22). Further, it is convenient to cover two 
ref bands per iocal-oscillator tuning range via the simultaneous or alternate 
use of both higher-signal-frequency and lower-signal-frequency responses, 
beth of which appear within the given |-f amplifier range. A bleck diagram 
of such a receiver appears in 
Figure 9-23. It is possible, also, 
to multiplex several narrower 
=~] heterodyned r-f channels through 
« single, very wide band i-f 
— ampliner in certain cases. This 
Frovnr 9-23 A, single local oeciilatur—two-band technique was Investigaied ex- 
superheterodyine, Example: Band 1 covers 9-18 tensively in connection with the 
ke, Band 2 covers 15-21 kc; loca! oscillator covers development of the ALR-7 re- 
12 to 18 ke; If amplifier center frequency set celver (Reference 23). 

sachin The use of a microwave |-f 
amplifier usually introduces a penalty in terma of nolse figure.t This is not 
necessarily true if a parametric amplifier (with its narrow acceptance band- 
width) is involved. More typically, the amplifier performance is based on 
the poorer noise characteristica of a much wider band, lotv-nolse TWT. In 
fact, several tubes may be employed in cascade I{ high-gain, wide dynamic- 
range characteristics are required. Fortunately, too, the TWT amplifier Is 
subject to versatile gain control measures which aid in the handling of sig- 
nais of widely different amplitudes. 

The principal reaction on mixer design cf the electronic tuning process 





*Some of the over-all feetures are outlined in Reference 20 and a very versatile forin 
of this receiver is described in Reference 21, 
*Uniess r-f preamplification is available (ace Section 9.8.5). 
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reaulte when a microwave !-f amplifier [s to be incorporated in the receiver. 
This cails for a wideband hetercdyned signal bandwidth at e center fre- 
quency that may de cloze to the r-f aignal frequency band; both factors, 
bandwidth and the closeness in frequency, complicate mixer design. An 
interesting problem can arise if the frequency scan rate, in megacycles ner 
second, is increased to very high vaiues (as in the “microsweep” receiver 
described In Section 9.9). The variable (with frequency) nolse contribution 
from the mixer then can demodulate in the postdetection circultry as an 
interfering audio or video ‘“nolse” signal, and ita presence complicates true- 
signe! recognition end identification processes. 

The electronic tuning process, as such, does not Introduce additional fac- 
tors conditioning the design of the second-dctector and postdetection cir- 
cultry, except inscfsr as wide bandwidtha may be required (Reference 25). 


9.8.5 The Une of R-F Preamniification 

As In the case of the direct-detection receivers, it is possible to precede 
the superheterodyne mixer or passive preselector with r-f preamplification. 
A tunable preamplifier can substitute for beth a passive preselector and a 
breadband preamplifier. The benefits and problems are entirely comparable, 
and the over-all recelver performances (TRF versus superheterodyne), {or 
a given acceptance bandwidth, are apt to be very similar. 

In some cases, there are important side benefita to the superhetercdyne 
brought about by the use of a preamplifier. Mixer and {-f amplifier design 
problems which limited receiver sensitivities are removed since the nolsc 
figure can be set by the preamplifier. There is burnout protection for the 
mixer crystal (because of preamplifier strong-signal limiting), and there {s 
somne additional reduction in locai oscillator radiation (because of the uni- 
directicnai preamplifier transmission). The advantages of the superhetero- 
dyne configuration in terms of selectivity sre retained. In turn, there are 
introduced the usual potential preamplifier prowiina discussed in Section 9.7.4 
in connection w'th the direct-detection receivera—the generation of spurious 
signals in un overdriven preamplifier, the additional system complication, « 
current lack of entirely sultable electronically tuned preamplifiers, etc. 


9.9 The Microsweep Superheterodynz 

An extreme extension of the electronic tuning technique exiats in the so- 
called “microsweep” superheterodyne. These receivers take udvantage of the 
{ast sweep rates—thousands of megacycles per second per microsecond— 
that are possible with some types o! microwave oscillators. (Such tubes are 
Gescribed In Chapter 26). Otherwise, the basic form of the recelver {s reason- 
ably conventional. 
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9.9.1 The Busic Receiver’ 

With submicrosecond sweep times, it becomes possible to scan tae receiver 
in frequency at a rate such that the full radio-frequency range assigned to 
the receiver is covered in the time duration of typical radar pulses. The 
intercept philosophy is discussed !n Section 9.5 as the case wnere é, < by. 
In short, it wouid be expected that some energy from each radar pulce within 
the range covered-—regardiess of puise frequency—w- uld be intercepted, and 
that a high puise-by-pulse intercept probability would result. The high 
sweep rate may require even wider bandwidths than would be required on 
the bass of the desired resoluticn capability or pulse fidelity of the recelver, 
so thnt some sacrifice in sensitivity and frequency resolving capability is to 
be expe ‘ed. 

By ettn “hag a standard r-f input signa] levei (as through the use of a 
broadbanga, li.. ‘n- »r-amplifier), a remarkable resolution can be developed 
—-0.5 percent over a 2:1 range at S-band, for example. The limiting process 
sometimes produces spurious responses wher tho Hnuilter is confronted with 
simultaneous, strong pulses on several radio frequencies (a situation pro- 
duced by several types of multiple-frequency radars). 


9.9.2 The Corapatible Filter Super heterodyne 

The problems associated with the basic microoweep receiver as described 
have 'ed to the development of somewhat related forms of recelvers still in- 
volving very rapid sweeping techniques and high Intercept probability for 
many signal types but with important divergences In concent. This basic 
technique (for a German-made early suggestion of this idea see Reference 
25; see also Reference 26) involves first mixing the r-{ signal with 2 Hnearly 
sweeping local oscillsicr; the resultant i-f signal varies linearly in frequency 
with time. This signal is then fed to a dispersive filter whose tranait time is a 
function of frequency—the frequency epplied first (as the aweeping frequency 
enters the filter passband) must experience the greatest delay. By matching 
the filter delay characteriatics to the sweep rate, the i-f component energies at 
ths output tend to combine at a particular time (hence the term “time- 
compressing,” which js often used to describe the Alter properties). The 
time at which this build-up occurs at the output is a function of the input 
frequency, thus allowing a measurement of r-f frequency vin a time measure- 
ment (often with respect to the start of the local oscillator sweep). 

The i-f signal in this type of receiver {s sweeping in frequency. Unlike 
most received signal properties, this frequency change is under the control 
of the recelver designer (through control of the locat-cscilintor frequency 
awecp). By designing an i-f filter having characteristics appropriate to this 


*Early work in this feld Is described in Reflevenes 24, 





9-36 ELECTRONIC COUNTERMEASU:2ZS 


frequency change (‘compatible’), the unique properties of the receiver ere 
realized. 

The dispersive filter can be realized In elther a cortinuous (Reference 
27) ce @ discretely segmented form." In one discretely segmented type, a 
number of conventional filters is used in conjunction with appropriate delay 
lines as shown in Figure 9-24, The several prosbands are selected so that In 





Fiounz 9-24 Compatible filter superheterodyne. 


parallel combination, a contiguous frequency coverage is provided acroas a 
total |-f bandwidth much wider than the incremental bandwidth of any one 
filter channel alone. The sweeping ection of the single local-oscillator 
signal /,. is such that the changing difference frequency f,.. produced by the 
local-oscillatcr energy in combination with a given fixer frequency signal /,- 
is tranamitted successively by the several filters. 

The filters, in tucn, feed time-delay circulta having tailored characterlatics 
(determined by aweep rate) such that ai! delayed outputs arrive simultane- 
ously at s combining point. The output signal of the channel first excited {a 
delayed the longest, etc. The time of the peak of a response with respect to 
the initlation of the frequency sweep is a measure of the radio frequency of 
the slene! producing the response. Depending on the combining method 
(addition, multiplication, etc.) certain performance edvantages can be 
emphasized, A total resolution substantially better than the bandwidth of a 
single i-f amplifier channel can be produced. In the case of envelore multi- 
plication, the cumbined output signal (in terms of resolution) of = channels 
is comparable to that genzrated by an amplifier of » synchronously tuned 
stages each having the bandwidth of « single channel. More generally, the 
limit of resolution is that determined by the impulse reaponse (time buildup) 
appropriats -o the total Input signal energy bandwidth accepted by the 
several filters collectively, which in turn 1s related to a frequency resolution 
in terms of the sween rate of the local osciliator. 

*A discussion of various realizations of both forma of filter may be found in W. D. 
White, patent # 2,882,395 dated Apri! 14, 1959. 
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If the signal time-duration is sufficient to allow the successive excitation of 
responses in all channels, the subsequ.nt addition of ‘gnal cutputs fz made 
on sn integrating basis mors favorable than that controlling the combining 
of the random nolse powers of the eeveral channels; the result is a signa!-to- 
noise ratio enhancement. (The resulting sensiti:.cy can be as good as that 
developed in a fixed-tuned recelver of comparable resclut's, snd nolse figure 
developed threugh normal design practices.) Finally, seme discrimination 
agains: image and spurious responses resulta from this circult form since only 
thece ™ tlons from a real aignal add correctly (in time) at tha combining 
point .. . .oduce a recognizable respouse; relative channel] delay thes ars 
incorrect for the additions of most spurious signals. 


9.9.8 The Ratico-Sweep Receiver 

An Intereeting member of the fast-aweeping receiver group is described 
as the ratio-sweep receiver (Reference 28). In contrast to the one local 
oscillator, multiple-ampilfier-channel configuration of the “compatible filter’ 
receiver, this device employs multiple local cscillaturs but with only one i-f 
amplifier chanel per local oscillator. All such amplifiers are identical ag to 
bandpass characteristics. 

In simplified form, two loca! oscillators, triggered from a commioi: start- 
ing point, are swept at diferent rates across the hand to be inmonitored (Fig- 
ure 9-25). The responses developed by a given fixed-frequency signal are 
then generated at different times in the separate |-f amplifier channels with 
the time difference (tg — ¢; in Figure 9-25° belug a measure of signal fre- 
quency, 

A particularly useful elaboration makes use of making matrixes of mixed- 
base congruent numbers to solve some important practical problems that 
arise in assuring a useful frequency resoiving power. Each iocai onciilator 
so waitiator 
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Fiovar 9-25 Simple “ratio sweep” re- 
celver. A signal (f.) produces a re- 
sponse in the two I-f channels associated 
with the two local oscillators. The time 
difference te — 41, Is related to fo. 


ploying two sets of local oncillator sig- 

nals with the total band, D, covered 

by 10 and 11 components, respectively. 

The time difference of the response 

uniquely measures /.. The oscillators 

sweep a range D/10 and D/ll, re- 
spectively, 
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signal is replaced by a set of uniformly spaced local oscillator signals ewepi 
in coincidence, A group is produced by modulating a given high-level oscii- 
lator signal so as to generate, via sidebands, the set of eque!!y spaced com- 
ponents in a “comb” arrangemen’. The number of components used defines 
the number of elemental “states” in the syatem. A single !-f amplifier is 
sssociatedc with each group. 

In practice, several groups of loca! oscillator signals are ewcpt simultane- 
ousiv (and rapidly) through the frequency Himits necessary to monitor a 
given r-f range. For axample, two groups might be used (Figure 9-26); 
there would then be « total of two associated “!-f” amplifiers. Tae number 
(base) of local oscillator signals per group would differ. Their frequency 
spacings and sweep Iimits, too, :vould differ such that the total assigned r-{ 
band, D, would be covered by each group. Thus, If the number of lecai oscil- 
iator signals per group were m and n, thelr spacings would be D/m and 
D/n respectively (which would also define sweep Iimits) and sweep rates 
would ce adjusted fur ecua! time coverage by the groups of the total band 
D. Beyond this, there is an optimum: selection of m and to optimize the fre- 
quency resolution. The totai number of elemental states is the sum of the 
bases (m -+- #) while the resolution is related to the product of the bazes 
(m <n), 

Note that because tho several spaced Iccal osciliztor signals ere swept 
in a group, the tctal r-f range covered is m (or #) times the local ozcillator 
frequency spacing (if there are m or » such signals), ie., the necessary 
extent of the frequency sweep per local osciliator Is greatly reduced for a 
given r-f range. For example, two groups might be used (Figure 9-26); 
given total frequency coverage if the number of local osciliator signals per 
group is moderately Jarge. This has important benefits in allowing favorable 
redtictions in primary local oscillator sweep time and in sweep voltage ampll- 
tudes without adversely affecting the inspecticn time (dweli time) and 
resolution for a given signal. 


9.10 Misccilancous Recelvers 


9.10.1 Instantaneous Frequency Indicators 

The non-scanning, multiple-channel receivers described in Section 9.7.5 
are a form of instantaneous frequency indicator. They are always sensitive 
to algnals anywhere in the band tu be monitored; they have selectivity and 
resolution to a degree set by the 'ndividual channel characteristics. The 
resolution Is om a quantized basis and there Js no additional :lirect resolution 
within a channel width (as in the case of the fast-sweeping receivers of 
Sections 9.9.2 und 9.9.3). There are « number of recelver ypes which seek 
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the virtues in Intercept probability of continuous (non-scan) mionitoring 
but with a continuous (rather than quantized) resolution in frequency 
devaioped with the ald of a dispersive circult element. The term “non-scan 
spectrum analyzer” is sometimes applied to these devices. 

All employ some frequency-sensitive element (other than the classic fixed- 
frequency tuned circuit) which generates a frequency-related variation in 
output amplitude or phase or transit time. For example, the frequency senal- 
tive standing wave pattern established in a deliberately mismatched r-f 
transmission line (or waveguide) can be sampled so as to determine fre- 
quency via the calibrated ratio of pattern amplitudes at the fixed sampling 
points (Reference 29). 

In another form, the incoming r-f signel Is divided between two tranemis- 
sion channels, one containing a frequency-sensitive attenuator, the second 
providing a constant loss across the band (Roference 30). Again, the ratlo 
of the detected amplitudes of the signals in the two channels can be used as 
a measure of frequency (Figure 9-27). 

There are important problems common to these devices. Vhe frequency 
determination involves an amplitude measurement so accuracy tends to be 
sensitive to amplitude variations in incoming signal level; however, broad- 
band, emplitude-limiting r-f preamplifiers (available through TWT tech- 
niques) offer an important assistance. The data are conveniently reed out 
on visual displays but the direct output data ordinarily are not In an optl- 
mum form for automatic machine handling, seme additional processing Is 
required, The systems usually are in difficulty if more than one signal fre- 
quéncy is present simultaneously. Measurement accuracy is usually depend- 
ent on malatenance of “balance” in characteristics of two or more chanve!s, 
r-f, or video, This imposes severe problems on circuits and components In 
the face of variations in signal ievels, temperature, component aging, etc. 

A novel answer to the dynamic range and channel amplitude balance 
problems liea in the use of a transmission element having a time delay which 
is frequency sensitive (a waveguide operated in the near cutoff region, for 
example). If a transmission time comparivon is made of samples of a signal 
sent through channels having transmis \ time characteristics respectively 
constant with frequency and frequency wnsitive, a measure of frequency 
can be obtained. The t!me comparison can be based on an r-f phase measure- 
ment. However, one particularly interesting form of ecelver measures the 
envelope delay of a high frequency (perhaps 50 megacycles) modulation 
auperimposed on the r-f signal (Reference 31). 

As a general rule, ali of these receivers trade a algnificant loss in sensitivity 
for the unique frequency resolving ard continuous monitoring properties. 
Broadband r-f preamplifiers offer an important remedy (except for the pen- 
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Froune 9-27 Ans “instantaneous” frequency discriminator. 


alty to system simpileity), and their use results in practica! sensitivities con- 
sistent with the preamplifier nolze Agures and effective bandwidths of the 
total system. 


9,10.2 Sunerregene ative Resslvers 

The superregenerativc principle has ceen applied with moderate success 
in specialized microwave receiver applications (pages 545-579 of Reference 
1’. The possibility of developing very large r-f gain in a regenerative atage 
is always attractive-—particularly «t microwave frequencies. Unfortunately, 
the generally peor stability and the critical adjustment Identified with super- 
regenerative circuits work against any genera! usage; problems are emphas- 
ized {f the recelver must be easily tuned. The advent of new components 
offers promise of better performance (References 32 and 33). 

There «ppears to be an interesting involvement of the superregenerative 
principle with the parametric preamplifier for receiver use. There can be an 
apparent enhancement of acceptance bandwidth brought sbout by a com- 
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bined AM-FM (sweeping) action resulting from = high “quench” frequency. 
There has been reported (Reference 34) a superregenerative parametric L- 
band amplifier with a “quench” frequency of 0.25 megacycle, an r-f uccept- 
ance bandwidth of 2 megacycles, anc a noise figure of 1 decibel. This unit had 
a stable gain of 56 decibels end an equivalent video (or Information) band- 
width on the order of 0.25 megacycile. By taking full advantage of integra- 
tion, the pulsed signal sensitivity was better than --114 dbm. Stable gains 
as high as 80 decibels have been attained, with a corresponding reduction in 
bandwidths. 


9.11 Special Components and Circuits 

Countermeasures receiver designs furnish interesting examples of the 
dependency for advances in intercept receiver technology on new components 
and new circults. In the recent past, the advents of TWTs and distributed 
r-f amplifiers have been reflected in new recelver abilities. So, 00, have the 
developments in local osciliators—--the voltage-tuned magnetron, cercinotrons, 
backward-wave oscillators, etc., have found immediate applications in the 
microwave ranges. There have been comparable influences at lower fre- 
quencies resulting from the introduction of voltage-and-current-sensitive 
capacitors and fnductors. Ferrites have brought new abilities in isolatorc, 
modulators, choppers, etc. These are new forms of antennas, transmission 
systems, waveguides, solid-state components, etc. 

A major profit can be anticipated from the utillzation of such new devices, 
but there are usually both advantages and disadvantages which iend to limit 
broad usage. Thus, the maser bes a valuable appiication in certain fields; 
but the limited r-f bandwidths and the current practicai complications in 
usage argue against a genera) Intercent recelver utllity—-particularly when 
the extreme low-noise properties may be lost In the presence of other im- 
portant system noise sources (Reference 35). The parametric amplifier offers 
great promise; it still has atrong competition from the low-noise TWT when 
the latter’s wide bandwidth, nonreciprocal transmission characteristics, and 
ease of utilization ere considered. Nor does the parametric emplifier cur- 
rently enjoy an important nolse-figure advantage in the high microvave 
range, Its basic slinplicity is partially offset by the need for a “pump”—cur- 
rently a vacuum tube, So each new device miust be carefully evaluated. Each 
can be anticipated to affect countermeasures receiver design to a degree, and 
it fa important In reviewing countezmonsurs receivers to consider, aa weil, the 
current information cn new component developments. 

While the recelver design dependency on new components is obvicus, 
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there is an important reaction in the reverse direction. Certain {mportant 
developments in circuits ancl components, in turn, are tre-eable In part to 
work initiated by the needs of countermeasures receivers. These needs, for 
example, account for a particular attention to certain broadtand, low-noise 
characteristics in i-f amplifiers, and to unusual {-f amplifier response and 
gain characteristics, The same is true ir video amplifiers; direct-detection 
receivers in particular impose stringent requirements on low-noise fextures, 
logarithmic characteristics, “square-ruct’’ response, etc. Both slow and 
instantaneous age circultry Is often lmportant. The success of several re- 
celver techniques is dependent on the availability of effective, broadband 
r-f Niniters. Choppers and pulse stretchers have reguired particular atten- 
tion: and the peculiar needs in direct detectors and In mixers Aave generated 
related research and development utilizing a wide variety of noniinear de- 
vices, This interrelutionship is emphasized by the frequent references in this 
chapter to the material on special c!rcults and components, Chapters 24 
through 28. 


C32 Some Misceliancous Factors Affecting Is:tercept Receiver De- 
signs 

This chapter hes been largely concerned with recelver design problems 
generated by the unique naturos of some of the tasks of an intercept receiver. 
The resultant requirements imposed on sensitivity, selectivity, dynamic 
range, etc., have been emphasized. There are additional operational factors, 
no less important on some occasions, that requive the introduction of unusual 
receiver features or of unusual methods of operational employment. While 
there are many examples, only a few representative types will be mentioned 
here, These problems are not unique to any one recelver type. However, some 
recelver types are better equipped, fundamentally, to dea! with aoms of the 
probiems, 

A factor which plagues the optimum utilization of an Intercep! receiver 
is the lack of knowledge of the precise nature of the signal to be intercepted. 
Optimization of bandwidths and sweep rates, the utilization of Integration 
techniques, etc., are largely ruled out unless a particular signal of known 
characteristics is to be sought. It is more likely that the recelver must be 
prepared to handle a variety of signal types. The ‘variety’ may be repre- 
sented by much more than small variations in the “standard” parameters 
(pulsewidth, prf, etc.) of a given emitter; it ray well Include large changes 
in r-f, prf, polarization, etc., as well as contrasting modulation typsa—c-w 
signals, FM signals, coded pulse groups, SSB, etc. This has led to the de- 
velopment of subcircults for alternate functions—choices in detectors, ampli- 
fiers, etc.—to be utilized simultaneously in parallel or to be inserted into a 
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recelver on & module exchange basis in accordance with some current opera- 
tional intent. it ix sometinies possible to equip a receiver with nly a 
moderate additional circuit complicaiion which purcheses a substantially 
improved abiilty to handle simultaneousiy some sharply contrasting signal 
forms. 


9.12.1 C-W Reception 

Simultaneous reception of pulse and c-w signals provides an example of 
the above concept. A conventional pulse receiver can be provided with an 
enhanced sensitivity to c-w eignals through the addition of a conventional 
“chopper” (to modulate the c-w signals with the chopper frequency) plus a 
narrow-band postdetection amplifier centered at the chopper frequency, Note 
that It is highly desirable that the chopper be Introduced into the recelver 
circuitry at a point such that the c-w aignals are modulated (chopped) but 
the predorminant noise is not. Otherwise, both signals and nolse will be 
characterizec by the chopping action and the ability of the zarrow, postdetec- 
tion amplifier to discriminate against the noise will be sericusly penalized. 
This circumstance is not unique to intercept receivers. The enhancement of 
c-w reception comes through the reduction !n noise bought by the band- 
width constriction in the narrow-band postdetection ‘‘c-w channel’; the ¢c-w 
signal-to-nolse ratio is consequently improved. The c-w channel width can 
be very narrow—a few cycles, perhaps. The signai-to-nolse ratio improves 
with narrower values; the reaponse time is lengthened thereby (the data rate 
is reduced). An {mportant limit to the channel narrowing is set in scanning 
receivers since the tuning action causes short “samples” of thr chopped c-w 
signal to be delivered to the postdetection circuitry. This is discussed below. 
There is a small penalty to pulse signal reception resulting from the periodic 
loss of signal from the chopping action; for that reason, the c-w reception 
feature is usually made optional, 

It is interesting to note that if the receiver fa operated on 2 constant repe- 
titive frequency-scan basis, a single postdetection ‘narrow channe)” band- 
width value (8’) can be selected to optimize c-w reception In accordance 
with the “on-frequency” time Increment as set by scan-rate and the prede- 
tection bandwidth a. That time Interval fixes the duration in the postdetec- 
tion circuitry of the c-w signal response per receiver scan. in a receiver 
intended for both pulse and c-w signal detection, the predetection bandwidth 
selection a (for example, the i-f amplifier acceptance bandwidth) can be 
based purely on the needs for pulse reception and a second, standard post- 
detection ampiifier (of bandwidth @) for pulse signals can be para!leled with 
the narrow (8’) amplifier. The available receiver bandwidth combinatlons 
(using the single predetection bandwidth) can then be made optimum for 
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both c-w and pulse zignais. The predetection bandwidth could be narrowed 
in the expectation of increasing signal-to-noise ratio for c-w signals; but this 
“advantage” would be offset In a scanning receiver by a necessary widening 
of the c-w channel postdetection bandwidth (8’) as required to accommo- 
date the now shorter (in time) c-w signals delivered to the postdetection 
circuitry. This is in accordance with the expression jor effective nolse band- 
width, Eq (9-10). 


9.12.2 Intercepi of “Variahle-Freauency” Radars 

The manner in which the radio frequency of an intercepted algnal is 
handied is e matter of maior importance in the design and evaluation of an 
intercept receiver. This !mportance is based not only on historical precedent, 
but the evident fact that whatever r-f proceases are to be accomplished in the 
receiver must be carried out before envelope detection—in the front end of 
the equipment. Selection of appropriate video prucesses, in turn, must be 
compatible with the r-f design of the receiver. This criterion has been used 
az the primary basis for classifying « wide variety of receiver typee in this 
chapter. 

Thus, a fundamental recelver concern arises with the present trend toward 
radars capebiv of Gperating on more than one frequency. In some such 
radars, changes In transmitted frequency can be made only over narrow 
limits at rates ranging from seconds to hours. These systems would pose 
only moderate problems for any of the frequency-scanning receivers de- 
acribed in this chapter. However, radars do exist which can vary their 
transmitted frequency (on a programmed or random basis) over wide 
ranges—Iin some cases during an interpulse interval, Other radars emit 
several pulses on different frequencies simultaneously or in a short burst of 
pulses on different frequencies. Such signals cannot usually be handled ade- 
quately—in terms of collecting sufficient information for analysis—by any 
of the scanning receiver types that have been discussed. The main difficulty 
is the inability to attain a resonable probability of intercepting a sufficient 
number of consecutive (or simultaneous) pulses, which occur at different 
frequencies. A wide-open receiver, on the other hand, could be expected to 
intercept all of the pulses, although the collected data would provide no clue 
as to the unusual nature of the transmitter frequency characteristics. 

Some question could well be raised as to the significance of measuring the 
frequency of a variable-frequency emitter, especially in the case of randem 
changes, However, even though accurate frequency measurements were not 
deemed necessary, there remain certain questions to be answered: Is the fre- 
quency being varied? At what rate? Over what Hmits? Is the variation pro- 
grammec or random? 
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Fortunately, sppropriate combinations of conventional techniques and 
special circults have been devised which do 2 remarkable job of intercepting 
and tagging data from many of the existing variable-frequency signais. As 
other radar types are developed, it will inevitably be necessary to devise new 
special circulta to handle them. 

Wespite the trend toward frequency variations in many of the newer radars, 
the buik of the signals of intereet to intercept receivers are of the single- 
freauency type—and thus amenable to the techniques described in this chap- 
cer, 


9,12.8 Other Signal Recognition Probleme 

Besides the variabie-frequency capability, there are many cther “unusual”’ 
radars whose characteristics require special receiver techniques or circuit 
combinations for adequate intercept, identification, and detailed analysis. A 
few examples are cited below. Pulses may be transmitted in coded groups. 
Pulse repetition frequency may be programmed or randomized over wide 
limits, Complex scan modulations can be employed. Coding filters can be 
used to modulate the radar carrier frequency so that the transmitted algnal 
has a “‘nolse-like” appearance during the pulse unless it is fed through a 
suitable decoding Alter. No list of such characteristics would remain com- 
plete for very long since new radar techniques are continually under develop- 
ment; combinations of such characteristics are also possible in a given emit- 
ter. These Increases In radar complexity require corresponding sophistications 
in Intercept receivers that must operate In an environment containing these 
signals. There is evidence that development of successful receiver techniques 
can keep pace with the developinent of exotic characteristics In new raders. 
The point here is that such tasks exert important influences in Intercept re- 
celver design. 


9.12.4 Receiver “Look Through” 

In some circumstances, an Intercept receiver is called upon to operate in 
the presence of emissions—usually from a friendly rader or jamming signal 
—that are not of interest in the ELINT collection task but which can de- 
grade the performance of the equipment. The final ability vo recognize a 
desired signal—to look-through—-is set by a signal-to-nolse ratio, where the 
noise in this case is not ascribable to the receiver itself, or even to natural 
causes. 

If no control over the transmitter can be exercised, some Improvement 
can often be derived by optimizing the signal-to-noise ratio through utiliza- 
tion of the most favorable (discriminatory) antenna patterns. For noise 
jamming signals, there is cften little else than can be done, since the nolgs 
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discrimination techniques decribed In connection with c-w signal reception 
(Section 9.12.1) sre not applicable here. The noise is developed external to 
the receiver; {t arrives as a separate signal, and the modulation (chopping) 
procecs characterizes signa!s and nolse allke so that a subsequent selection 
of tha signal is not alded. 

in the radar (low duty-cycle) interference case, a special receiver trained 
particularly on the offending siznal can sometimes be used to gate off the 
collection receiver during the moments of interference. The gating can be 
on ge signal amplitucie basis or on a signal coincidence basis. 

Occasicnally, frequency elimination filters are useful in Interference 
reduction. 

There are other techniques that can be employed when there is some op- 
portunity to operate in cooperation with the undesired transmission. For a 
jamming noise source, a synchronized time-gating process is sometimes used 
such that the receiver is gated on for short (fractionai-second) intervals, 
perhaps randomly apaced In time and duration, during which the nolse source 
is gated off. The duty-cycle of the receiver (the on time) !s low but it usually 
is sufficient for the short inapections of the signal environment neceasary 
during a jamming operation." 

A somewhat related process can be utilized when the receiver suffers inter- 
ference from a cooperating radar. The receiver is gated off momentarily at 
the Instant of the radar transmission by a synchronized blanking pre-pulse 
delivered from the radar to the receiver, perhaps by video cable.f in this 
case, there is little penalty to receiver duty-cycle. 

More sophisticated techniques have been proposed and sometimes em- 
ployed with moderate success. Fortunately, the antenna discrimination tech- 
nique Is often of major benefit when patterns can be arranged appropriately 
(as may be possible {n a joint jammer-receiver installation in an aircraft, 
for example). If a nolse jamming source !s some distance away, there may 
be relatively little difficulty. In fact, the desired detection of noize Jamming 
slynala can present major intercept problems when standard receivers with 
low receiving antenna gains are employed. 

*The duty-cycls must be low since appreciable time gaps in the jamming would re- 


duce jamming eNectiveness. 
‘This ls the “interference bianking"” technique common to radar operation 


ee 
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Direction Findir 


L. A. deROSA 


10.1 Historical Data and General Principles 


16.1.1 Introduction 

The location of a radio-frequency source, whether it be a radar, a com- 
munication transmitter, or a navigational aid, is of importance to the deter- 
mination of the enemy's atrategy. 

The activity In certain geograph. el areas may ‘Indicate an elaborate 
preperation under way; the activi! a single source at sea may indicate 
the location of a submarine; and be  esolution of a number of signal sources, 
synchronised to a common signal, nay indicate a new alr-defense function 
of extreme importance to our strategic bombing plans. 

The determination of the geographic location of a signal source is in most 
casea accomplished by determining the intersection cf the Hines of direction 
from two or more spatially sepsrating recelving points. Special cases not 
included in this general category will be discussed later. 

Figure 10-1 indicates the elementary direction-finding procedure. The 
operator at a direction-finding installation 4 determines the position of a 
transmitter to be on a line AA’,6;, degrees with respect io North; this angle 
is known as the bearing of the signal source with respect to the recelver. 

If, now, a second direction-finding station located at position B determines 
a line of direction BS’ at a bearing ¢s (0 the signal source, the Intersection 
D of the lines AA’ and BB’ locates the position of the signal source. 
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Fiovrs 10-1, Location of a signal source D by direction Anders A and 8. 


The accuracy with whicl: « bearing can be obtained {s influenced by three 

main factors: 

(1) The accuracy of the direction-finding Instrumentation including local 
site errora. 

(2) The inaccuracies introduced by extraneous signals and nolse sources 
whose direction of arrival ts different from the desired signal and 
which are not separeble by the directlon-finding apparatus. 

(3) The introduction of errors due to propagation anomalies, and the 
suverposition of either discrete or diffuse images of the signal source 
thus produced at the observation point, which have other apparent 
directions of arrival than the original signal. 

Methods reducing the errors from these various acurces will be described 

later, 


10.1.2 [ilstorical Review 

Prior to 1893, Hertz utilized, in his early experiments, cylindrical para- 
bolic mirrors to focus and concentrate energy from a tranamitter. His early 
tests used a frequency of about 200 Mc, Directivity was also used by Mar- 
coni before the turn of the century to increase the range of his transmis- 
sions. In his tests, copper parabolic mirrors were used to increase the range 
to 2 miles. 

Since radio communication, because of the greater ranges possible, pro- 
greased rapidly to the hf range by 1900, the mirror techniques were no 
onger practical and J. Zenneck at about that time introduced simple direc- 
tors and reflector wires, not simultaneousiy, but singly, at a little more 
than A/+ to increase the range and to separate Interfering sign2is. 

The simple limacon patterns of Zenneck progressed to large spacings of 
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A/2 apart in the coxfigurations of S. G. Brown, A. Blondel, and J. Stone. 
Stone, in 1902, proposed to physicaliy rotate the array of Figure 10-2 to 
determine the direction of arrival of the wave. This wili be recognized as one 
pair of an Adcock array. 

Beilini and Tosi then followed by tilting the top of the verticai members 
of Figure 10-2 so as to facilitate the support by a common mast, and by 
introducing a phase shiit in each element, as in Figure 10-5, weve able to 


C D 
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Fic. 10-2. The simple directional array Frio. 1023, The inclined-palr, slngle- 
(Brown, Blondel, and Stone). mast array of Beillal and Tos. 


reduce the spacing and yet obtain a null for s direction of arrival in the 
plane of the vertical clements. Then, {n order to avoid the necessity for 
rotating the erray, they provided a second array at right angles to the first 
and, by means of quadrature cols placed outside of « single rotating coll, 
also suggested by Artom, were able to sequentially sample the signal being 
picked we by each antenna pair. The device for sampling the antennas 
sequentially is called a goniometer. Such a device is shown schematically in 
Figure 10-4, the moving co!! being connected to the receiver. 

The Beilini and Tos} system proved quite 


QA successfu! in both transmitting and receiving 
systems in an instailation at Boulogne where 
lla. ranges of 1500 km were obtained with 500 
: ’ watts of power at 10 Mc. 
(ae ~h--on The next obvious improvement was the use 


by Zenneck of an omnidirectional eiement 
placed in the center of the arrry and so ar- 
ranged as to add phasewlse to the output of 
the moving coll in a Bellini-Tosi goniometer. 
Fig, 10-4, The Bellini-Tosl gone ‘This arrangement produced an antenna pattern 
lometer for sequentially sampling which was a rotating cardioid rather than a 
a palr of the Bellin{-Tosl array. poureeight, thus eliminating the 180° ambi- 
guity which existed with the latter configuration. 

Just prior to this, in 1905 and 1905, Marconi was working with directive 
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antennas having a short vertical element connected to a long horizontal por- 
tion such as that shown in Figure 10-5, the directivity of which was shown 


to be as indicated in Figure 10-6. 


(2) 


\ \ \ \ \ € Long parr 







Fio. 10-5. The Marconi antenna. (4) A typical fustailation. (0) prindpile of operation, 
depending on lossy zarth to tilt the electric field &. 


Why such, an array displayed direc- 
tivity was a mystery for seme time 
untii H. von Hoerschelmann showed 
that the ground conductivity produced 
a tilt In the electric fleld, and that the 
horizontal component of this combined 
with the pick-up of the vertical section 
to increase the gein In the direction 
away from the feed puint. 

These so-called ground antennas 
were arranged by Marconi ![n radial 
configuration such as shown in Figure 
10-7, each of which could be switched 
sequentially to the input of a receiver 
to determine the signal-arrival uirec- 
tion. Marconi obtained bearings from 
shipborne transmit‘ers up to 90 km. 





Fro, 10-6. Directivity patterr of the 
Marconi antenna. Solld curve is direc- 
tional characteristic of the horiscntai 
member, Dotted curve Is the combined 
horizontal and vertical members. 


2K,9 = 0 


EK (1+cos@) =< KO = #/2 
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Fro, 10-7. Radial configuraifon uf Marconi antenna for 360° coverage. 


One of the first uses of a loop antenna for directivity tests was that of 
Hertz, who showed that, when & lonp of wire feeding a spark gap was held 
in certain positions with respect to a radiating source, a spark would occur 
across the gap; whereas, for different orlentations of the loop, this did not 
occur, 

In 1905 and 1906, H. J. Round in New York deacribed the use of frame 
antennas for directivity effects. 

The First World War (1914-1918) produced many advances {n direction- 
finding techniques, the vacuum-tube amplifier producing more sensitive re- 
celvers and test equipment, which accelerated the development of new types 
such as the Adcock, various loop direction finders, and numerous Indicators, 
both mechanical and cethode-ray types. 

The Second Worid War produced another period of rapid development in 
the direction-finding art. Crossed loops, elght-element Adcocks, Watson-Watt 
instantaneous, H colieciors, sector-scanning, phase comparison or interfero- 
meter, lens, and many other improved types were developed and placed in 
military and civilian operation. 


10.1.8 Basic Information Aesociated with Field Vectors 

The numerous configurations of direction-finding antennas and systems 
derived, as many have been, by experimental methods, are apt to Le confus- 
ing to one who follows the developments in chronological order. Accordingly, 
it might be well to consider the basic direction-finding problem from an in- 
formational-theorv viewpoint, catalog old systems, and provide places In the 
catalog for the development of new systems. 
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In order to do this, the fields associated with an electromagnetic disturb- 
ance should be conaldered and the Information conveyed by the fleld vectors 
reletive to the signal source analyzed. Ali direction-finding arrays then can 
be shown to be means for encoding this information in such a way es to 
either simplify instrumentetion or to mitigate the effects of error-producing 
factors such as poor aiting, propagation anomalies, ana the deleterious effects 
of extraneous signal and nolse backgrounds. 

The field at a Cirection-finding location can be regarded as having been 
initiated by an rf source exciting an antenna. For a geneval discussion, the 
elementary dipole can be considered as the basic building block for both the 
transmitting and receiving antennas. The elementary dipole consists of a 
perfectly conducting wire with a radius vanishingly small and of short length 
so thet the current in it can be of constant magnitude and phase throughout 
its length. This theory can be applied also to a loop less than 1/10 wave- 
length in circumference. To approximate larger antennas, they can be con- 
sidered as a large number of infinitesimal or elementary dipoles with various 
space distributions, polarization, current magnitude, and phase relations to 
each other. The patterns of large antennas cen then be obtained by summing 
the field vectors of the many elementary dipoles. 

If only a single electric dipole is considered, the geometry may be shown 
aa in Figure 10-8, where tho electric and magnetic field components are 





Fig, 10-8, Spherical coordinates for the dipole. 


shown in spherical coordinates with positive values shown by the arrows. If 
a magnetic dipole is to be used, the loop should be arranged perpendicular to 
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the s axis at the origin, in which case, the vector H becomes Z, the electric 
field, E, becomes the magnetic tangentia} fleld, and £, become. the radial 
magnetic field. 
With the foliowing representatious: 
y = distance OM 
6 = angle POM measured from ? toward M 
== current in dipole 
wavelength 
frequency 
2wf 
ae 


A 

velocity of light 

wh —™ ar 

length of dipole 

the equations for the electric and magnetic components are obtained in mks 
unite. 


ws € A Se e€ ~. 2 4 


E, = een come (conv — av sin v) (16-1) 


wv 


+o ae cos vu — ar sin — afr? cos v) (10-2) 


aln 6 
Ho= + a 
For distances beyond about 10 wavelengths the radial electric feild becomes 


negligible snd oniy the tangential electric (Z,) and magnetic fields (H) need 
be considered. Then, 


— (sin v — ar cos v) (10-3) 


ioe = 0 

k= Crit. sin 6 cos (wi — a7) 
as By 

H = “Tana 


Assume, at least for the present, that the polarization of the source, Its 
geographical position, excitation level, and directivity (phasing the excitation 
of the composite elementary dipoles) remain fixed. Assume also proper in- 
strumentation to indicate a minimum perceptible field variation (A Z,/E or 








mbes OES = 
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L\H/H) of 1 percent. Under these conditions for the usual distances Involved, 
and under free-space conditions at a distance of 100 miles, the dipole must 
be moved on the circumference of a circle 1 mile in diameter. At greater dis- 
tances, assuming that Eq. (10-2) and (10-3) hold, the movement of the 
dipole must be correspondingly greater. 

During this exploratory movement, the power of the transmitter must be 
highly stable, the exploratory equipment must malntain calibration, and no 
perturbations of the field may exist. Thus it is difficult to determine the 
direction of incoming radio waves by noting the changes in intensity produced 
dy the rnovements of the receiver. However, in the case of fast-moving alr- 
craft, “sniffing” operations may be feasible. They are discussed Ister in con- 
naction with the ASQ-23 equipment. 

The attribute of the electric and magnetic field vectors other than thelr 
magnitude {s their instantaneous direction aa a function of the space coor- 
dinates X, Y, and Z. 

Tn free space, or over a homogeneous ground plane, all points equidistant 
from: «sn isotropic signa! source will have the same instantaneous phase with 
respect to each other. 

Although antenna arrays used in transmitters produce a signal whose 
phase varies around the array, at a distance and with the usual direction- 
finding array, the equiphase frum? is usually normal to the direction of prop- 
agation. At hf, even an antenna aperture of 100 wavelengths will produce an 
equiphase front at equidistant points for more than a half mile sector at 100 
miles distance. Thus it is evident that, even for the jargest aperture trans- 
mitting antenna, phase measureinents ta determine the phase front will be 
moat effective, 

Reflections from large objects close to the transmitter or the recelver, 
however, will distort the phase fronts, and special consideration must be 
given to those cases to obtain accurate bearings. 

The fleld at a point remote from a transmitter has been found from Eq. 
(10-2) und (10-3) above to consist of electric field and magnetic fleld y.ctors 
represented by £, and H. 

These vectors not only determine the amplitude but the instantaneous 
phase of the field with respect to elther the feld at any other point, or to a 
stored signal having the exact same frequency at all times as that represen.ed 
by the field vectors. 

Under these conditions, it ts possible to consider the direction-finding 
problem as one of exploring elther simultaneously, or sequentially, the field 
vectors at various closely grouped points to determine the equiphase front 
and thus determine the direction of arrival of the aignai. 

The information contained in the signal Is limited to, and does not exceed, 
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that supplied by the field equations. As was shown above, the coefficients of 
the field equations vary so slowly as a function of distance that only the 
phase of the field vectors {s useful. 


10.1.4 Array Claseification 
The determination of the direction of arrival of a radio wave may be ac- 
complished by a number cf simultaneous or sequential measurements of the 
phases of the field vectors at different points. The selection of the sampling 
peints, and the manner in which outputs of the exploring clements of the 
‘rection finder array are combined, may be considered as an encoding pro- 
cess designed to elther simplify the instrumentation and/or to reduce the 

error due to loca! site disturbances. 
For simplicity, the various exploring techniques can be classified by the 


following grouning: 
Absolute or instantaneous methods of measurement of 
(a) Amplitude (A) == {(6) 
(5) Phase (p) = {(8) 
(c) Delay (8) = f(9) 


and sequential methods of measurements of 
(a) Amplitude 04/06 == /(8) 


(6) Phase 04/08 = {(9) 

(¢) Delay 08/08 = {(6) 
where 6 is the azimuth angle of the array with respect to a reference, gen- 
erally North. 


As an example of the encodings represented by the methods ahove, a few 
configurations are considered. 

To determine the direction of ezrival instantancowsly by amplitude meth- 
ods, a pair of antenna elements may be connected together to form a figure- 
eight pattern, as shown in Figure 10-9(a). A sirailar array may be arranged 
at right angles, as shown in Figure 10-9 (6). 

Each of the two arrays may be considered as converting the phase field 
into an ampiltude function of azimuth, the amplitude being a sinusoidal 
function of the angle between the plane of the antennas and the equiphase 
front; that is, 


A, = K sin 0 
and 


Ay = K sin (6 4-90") = X cos 6 
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#10, 30-9. (a) Antenna array having a figure-clght pattern. A, =: Zain [(X/2) ain 6] 
for K << 29; Ay == K sin 6. (6) Two figure-eight arrays at right angles. 


ee 


SSS Sa a A i i ;Vt oT 


SS A et Re, Pe 


DIRECTION FINDING 10-11 


where K is the apacing between antenna elements is: electrical degrees at the 


frequency of the signal. 
The direction of arrival is obtained by a comparison of the outputs cf each 
antenna pair. Thus, 


A, ZX sin é 
A, = K cos 6 
or the ratio 
A, =i sin 6 ae 
“Ag ~-cos 6 = tan ¢ 
or 
A; 
Ee | 
6 = tan Ay 


As an example of a phase method of measurement for instantaneous indl- 
cation, assume two probes which do not disturb the field: from the outputs 
of these, a Lissajous figure can be formed by connecting each probe to a set 
of deflecting plates of a cathode-ray oscilloscope. If the frequency of the 
signal and the spacing between the probes {s known, then 





oy pas da — ard sin 6 
or 
.y (dt 7" a) 
— ye : 
8 = sin dndf 
where v = velocity of light 
d == distance between probes 
f == frequency of signal 
¢; — #, = difference in rf phase between point ! and point 2 


The ambiguity due to symmetry about the horizontal axis can be resolved 
by the use of a third probe, 

At this point it may be well to reiterate the note that all methods utilize 
the phase of the field vectors. Some encode by transforming the phase rela- 
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tions tc an amplitude function, while others compare the phase of the fieid 
vectors at ‘wo or more points, elther simultaneously or sequentially. 

An example of the use of a deiay method of determining direction is shown 
in Figure 10-10. Here the signal is rectified and the latency in the time of 
grrivai st two poinis is measured. 


¢ = (dain @)/v or 6 == sin" vt/d 
where d = distance between probing points 
v = velocity of light 
¢ = time difference between the arrival of a reference point and the 


moduiated wave at point I and point 2 


Ambiguities may be avoided by the use of a third probe. This method Is 
often referred to as the “inverse loran’’ system. If the radio wave !s un- 





te 


Fic, 10-10. Time-delay method or Inverse loran system of directlon Anding, 
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modulated, that is, has no appreciable aldebands, this degenerates to a phagee- 
measurement case, The latency in time of arrival may be measured by a 
number of methods and will be discussed later. 


10.1.5 Scanning Types 

Antenna arrays for direction finding may be simplified by probing the 
vector field In a sequential manner using the seme antenna, but moving It 
from point to point and noting the manner In which the phase of the field 
changes. 

In some cases more than one fixed antenna array raay be used and each 
antenna connected in sequence to a receiver. The sequential-probing, or as 
they are often called, scanning methods may often ofter advantages when the 
signal is stable and of long duration relative to the scanning cycle. 

An example of a sequential-probing method encoded go as to produce an 
amplitude change as the vector is explored is the rotating cardioid type 
shown in Figure 10-i!. 





Fra, 10-11. System for probing the field, using a rotating cardioid. 


In this type, an antenna A Is fixed on a mast and a parasitic element P Is 
rotated around the antenna element 4 at a distance slightly less than A/4 at 
mean frequency. The antenna A probes the field at a fixed point while the 
parasitic element probes the vector field on the circumference of a circle 4/4 
radius from A, The field probed by element P? is counled to A by the mutual 
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coupling so that the output of antenna 4 is a function of the vector flelds 
existing at the center and on the circumference of the circle, and thus a 
change in amplitude is produced by the antenna rotation. The amplitude 
change {s substantially sinusoidal with a period of one revolution, so that the 
phase of the envelope of the radio wave thus detected with respect to s 
fixed reference indicates the direction of arriva: of the radio wave. 

The analysis of such a direction-fnding system may also be considered 
simply as a directive array which is roteted, and the direction of the trans- 
mitter Is determined by noting the orientation of the array when the signal 
is maximal. 

The minimum of the directive pattern may be used ln a almilar fashion, 
but the information contained in the probing of the complete circle {3 par- 
tlally lost by such a restricted search, particularly when the signal level {s 
low, 


10.1.6 Sequential Phase Method (Doppler Direction Finding) 

If an antenng {s moved at a uniform speed across a vector field, if the 
movement Is not tangentiai to the equiphase contours, and if the frequency 
oi the signal is known, then the movement necessary to produce 2 radians 
of phase change may be experlme:taliy determined. This 2 radians or 360° 
is equivalent to producing a 1-cycle frequency change during the thine re- 
quired for the movement. The azimuth of the transmitter may then be deter- 
mined as shown in Figure 10-12 and is slmply: 


6 = cos (A/a) 


where A 
d 


wavelength of the signal 

distance moved in a straight line to change the phase of 360 
electrical degrees with reference to an oscillator having the 
identical frequency as the received signal 


il 


If the antenna is moved on the circumference of a circle, then the phase 
change, which Is equivalent to Introducing a doppler frequency shift, can be 
measured; and if the velocity of movement is constant, the direction of the 
transmitter may be determined by noting the position at which the doppler 
shift is maximal; the line of direction Is tangent to the circle at this point 
and In the direction of movement of the antenna. 

Many variations of sequential phase measurement are possible. The an- 
tenna need not move; the phase at different fixed antennas positioned in a 
circle can be sequentially compared and the result will be essentially equi- 
valent. 
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Fio, 10-12, Sequential phase method of directlon finding. 


10.1.5 Sequential Time-Deiay Methods 

The latency in time of arrival of a characteristic feature of modulation In 
a wave can be determined at two locations and by moving ore position 
around the other. The relative positions for simultaneous arrival can be 
noted, and from this information the direction of arrival of the signal is 
found to be normal to the line counected to these positions. The 180° ambi- 


guity can be resolved by a movement of one antenna along the line of direc- 
tion. 


10.1.8 Generai Considerations Determining the Cholce of 
Techniques 

In many cases, as wili be evident in the following discussion, no one type 
or method will be satisfactory, in which case the techniques may be com- 
bined as a system. Take as an example an occasion when both short-burst 
transmissions (fraction of a second) and longer cw-type signals must be re- 
celved. Although the sequential or scanning direction-finding techniques may 
be more accurate and more easily instrumented, a short transmission will 
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not permit sequential probing; therefore the instantaneous type technique 
must be used. However, a sequential phese or doppler type may be used at 
one position and a separate antenna provided many miles away using inverse 
loran techniques. 

The factors that determine the choice of a aystem Include, senerally, per- 
missible size of the array, operating frequencies, terrain characteristics, 
frequency band to be covered, polerization of the incoming signal, signal 
duration, bandwidth of the signal, accuracy of bearing required, and data- 
processing eqtiipment available. 

These factors will be discussed later, but in general we may regard the 
electromagnetic field and the associated vectors as an ideal field perturbed 
by a variety of Irregularities. These irregularities are due to propagation 
through # nonhomogeneous medium that |s bounded by a ground plane 
neither smooth nor electrically uniform. In the case of waves reflected from 
the Ionosphere, the upper boundary is noi only nonuniform electrically but 
changing with sunspot activity, time of day, season, and latitude. In addi- 
tion, the boundaries and at some points even the medium between the bounds 
ma: be dispersive; that is, its propagation characteristics may vary with the 
frequency of the signal. 

Any factor which tends to distort the phase front of a signai will produce 
an error in the direction-finding procedure; the accuracy with whick a line 
of direction is obtained is dependent on a knowledge of the distortions which 
mas €:'a¢ and In the proper selection of the direction-finding techniques to 
nuaimise the errors which these distortions produce. 

The field vectors represent a space- and time-variant signal with certaln 
imposed constraints and with errot-producing “noise” disturbances. 

If simultaneous probing is used in exploring the field, the data obtained 
at each exploring point are not independent for the case where power ‘s 
extracted from the field. The data thus obtained are subject to an error due 
to the mutual ccupling to the other elements of the array, The reduction of 
these errors will be considered iater. 

Ifa ai ygle probe is moved sequentially from one exploring point to another, 
the mutual coupling problem is replaced by the requirement that the trans- 
mitter and receiver be stationary, and the frequency stability of the transmit- 
ter be of a high order. Attempts to probe at rapid speeds to avold errors 
from frequency changes introduce sideband frequencies, necessitating wider 
bandwidths with the associated deterloretions In signal to noise ratius. 

The reference to the role of channel capacity required to offset an uncer- 
tainty In the frequency of the transmitter, and the analogous minimum 
sampling intervals due to mutual effects lead to many Interesting fundamental 
relations. 


aw 
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The selection of an exploring path, or the Interconnections of a series of 
e itenna elements {n an array, may be regarded as an encoding procedure to 
reduce the errors due to disturbances. As in information theory, it is gen- 
eraily found that the use of a price! data relative to the transmitter or the 
propagation medium results in a Jower errer rate, smaller integration times, 
and simpler instrumentation. 


10.2 Propegation of Electromagnetic Wavee 

The accuracy of a DF (direction-finding) equipment is influenced by the 
elgnal characteristics, design of the DF apparatus and antenna, {ts Iccal 
siting conditions, the data-processing methods used, and the characteristics 
of the propagation medium. 

The apparent direction of arrival of a signal is determined finally by the 
irregularities of the intervening medium. The errors Introduced by various 
factors associated with the propagatien of the electromagnetic wave impose 
practical limits on the range and accuracy of the DF operation. 

A brief discussion of the uncertainties of propagation {s helpful .n Indi- 
cating the relationship between residual errors from that ceuse, and the 
methods, by the use of more complex equipment and procedures, for reducing 
such errors, 

The errors caused by propagation effects will be discussed here, while the 
reduction of such errors will be treated later (Section 10.9). The rf frequen- 
cles of interest to the reconnaissance operator range ironi the ELF (extremely 
low-frequency) waves (10-500 cycles} tu the microwave region beyond 
125,000 Mc. 

Through this wide frequency scale, over 10 decades, the factors which 
introduce disturbances in the path of propagation are manv and are related 
to the frequency of the signal. 

Within the bounds of the earth and the lonosphere, inhomogeneities are 
found due to changes in the electromagnetic properties of the earth, geometric 
irregularities of the surface, nonuniform refractive and absorptive properties 
from various causes in the tropoaptere (0-12 km height), in the stratophere 
(12-80 kin height), and jn the lonosphere (80-400 km height). 

If the pvopagation path extends beyond the lonosphere, as in satellite com- 
munication and radio astronomy, except for the unusual case of diffraction in 
the immediate neighborhood of celestial bodies, substantial deviations from 
linear propagation will probably occur only as a result of transmissions jn 
or through the ionosphere. 

To the normal ionosphere inhomogeneities must be added those produced 
by unusual aolar activity and nuclear bieats. 
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10.2.1 Eiectromagnetic Properties of the Upper Aimosphere 

The transmission of radio waves beyond the horizon {s due primarily to 
the phenomenon of diffraction caused by geometric Iirrogularities of the 
earth’s surface; tranamission by suriece waves which follow ducts created 
by striations of media having different dielectric properties; refraction and 
acattering from tronospheric areas, and the reflection and refraction froin 
ioncepheric layera. 

Of these, the fonization in the upper atmosphere (from 60 to 400 km 
height), of the gases present there, is an important consideration in the 
propagation of radio waves over long distances beyond line-of-sight limita- 
tions. 

The jonizatior in this region ie not uniform but is arranged in “layers” of 
greatest fonization. Figure 10-13 shows the location of these lcon!zed layers. 

At times another region EZ, is formed 

above Z. The layer shown ss D is es- 

sentially an absorbing layer and disap- 

- .- >. >a | oe «éCpears at night. The 7; and Fy layers 
aie sa Th nant eh = merge at night to form a single layer 

eee ue er” =F, The four main regions of ‘onizetion 
and D, E, F; and Fy. The maxima for 

m the F, and F, layers are located at 
| 200 and 275 km, respectively. The day- 
light layer D lies between 60 and 100 
km. While ic is easentialiy an absorb- 
ing belt, nevertheless at the lowest 
we =: frequencies it also aids in the propaga- 

tion of radio waves. 

The {onizations produced by uitra- 
violet radiation, and corpuscles from 
the sun hence vary dally, sensonally, 

Fio. 10-13, Jonixed regions of the upper and with magnetic storm and aurora! 
atmosphere, activity. 

Ionization is also produced by the passage of meteors, satellites, and 
missiles. 
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10.2.2 Electromagnetic Waves in an Ionized Medium 

Hf the lonized medium contains free electrons, then the movement of these 
electrons is affected by the passage of an electromagnetic wave. The electrons 
will vibrate and produce a current which Is added to the displacement cur- 
rent due to the electromagnetic fleld itself. 

The net result, neglecting collisions of electrons with neighboring neutral 
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atoms and molecules and aiso the effect of the existing magnetic field, is to 
reduce the dielectric constant of the medium by the quantity 


4aN ,64/mo* 


where NV, is the number of electrons per cubic ceutimeter, each having a 
charge e and a mass sm, and w {s tho angular frequency of the wave 2r/. 

In empty space, X, the dielectric constant of the medium, is equal to unity, 
so that the presence of the ¢: .ctrons reduces it from unity to 


1 — (4eN ,¢3/mo*) 


The phase velocity of the electromaguatic wave In the medium is there- 
fore changed from a value c to #, where 


¢ 


“= see 
VE (nN e8/mat) 


This reduction of the dielectric constant to a value of less than unity, and 
the associated increase in phuse velocity, produce a bending downward of 
electromagnetic waves transmitted upward, as shown in Figure 10-14. 

Tf the electron denelty at any given height changes 
with geographical Iceation, then refle.tions from 
ionized layers will also be laterally diverted; that {s, 
the signal will net arrive at the receiving point from 
a direction of the transmitter. 


Besides this lateral deviation, irregular densities 
of ionization will produce, eat any given receiving 
point, a signal intensity due to the contributions (in 
or out of phase) of a plurality of paths. 

Since the electron densities In the various fonized 

mrrneromneniniie ty ~\ayers are variable wiih time, being influenced by 

drifts, winds, and turbulence, the reception may be 
Fic, 10-14, Bending of an Highly variable; and under certaln conditions the 
electromagnetic wave by #pparent direction of arrival will fluctuate violently. 
an ionized layer, The — Jluctuations will occur in particular during periods 
upper portion of the wave Of paunetic storms, auroral activity, and when the 
(A of AB) moves faster : 
since it is In a region of Stnset and sunrise lines are In somewhat the same 

higher electron density, direction as the direction of propagation. 
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10.2.3 Absorption in the Icnised Layers 

If we consider the effect of collisions of the excited electrons with neutral 
particles and heavy fons and other electrons, it is found that energy ia ex- 
tracted from the cisctromagnetic wave. 

The fonosphere may be considered as having a conductivity of 


_ __Ne*v 
= aT 


where v is the frequency o/ collisions per second, approximately 10° for the 
E-layer and § & 10° for the F-layer. The dielectric constant therefore fs 


Kis K — J = 


and the complex refractive index M is 


where » is the refractive index for the medium and & [s the absorption per 
unit length of path (Reference 1). 

The absorption is of interest in DF techniques in determining the relative 
transparency of an jonized layer, particularly as !t affects waves incident at 
planes not normal to the layer. 


10.2.4 Propagation in a Magnetic Field 

The lonosohere is within the earth’s magnetic field, ard the reflection of 
waves under these conditions produces splitting of the wave and polarization 
changes, both of which may affect the observed direction of arrival of the 
signal. 

When w magnetic fieid is present, a single incident wave wiil be split Into 
two waves, the ordinary and the extraordinary. This process {s similar to 
double-refraction phenomena {n optics. The wave which Is less affected by 
the magnetic field ts called the ordinary one. 

There are two conditions depending on whether the gyro frequency 


J, = ¢3/m 


of the electron in the earth’s magnetic fleld is less or greater than w, the 
angular frequency of the incident radio wave. In the above formula B {s the 


=o 
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earth’s magnetic induction field in webers per square meter, ¢ is the electron 
cherge, and m is the electron mass. 

When the gyro irequency ¢B/m is less than w, there are three electron 
densities (which normally occur at three different heights) for which reflec- 
tion can occur, These are obtained by letting 


a (10-4) 
= | (10-5) 
ee ss (10-6) 





When the propagation of the wave is in the direction of the magnetic field, 
only Eq. (10-4) and (10-6) hold. 

When the gyro frequency ¢B/s is greater than w, there are two densities 
for reflection. These are obtained by letting 





ane = (10-7) 
eB 
ee (10-8) 


When the propagation of the wave Is in the direction of the magnetic field, 
then only Er,, (10-8) holds, 

The computations above hold for the condition when absorption {sz ne- 
glected. 


10.2.5 Polarization Changes 

The magieticaily split waves are eiliptically polarized in opposite angles 
of rotation as they enter the lonosphere. The polarization ellinses are of the 
same eccentricity but at right angles to each other (page 667 of Reference 
2). For the northern hemisphere, the component having the counterclock- 
wise rotation will be reflected where 


4aN,c? , eB 
mut Mw 


In general, however, reflection occurs at the lower level defined by the equa- 
tion 








* 
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4nN ,€* 
mot 


= & 


and therefore the wave does not reach the height necessary to produce # 
plane polarization condition. 

The sense of polarization {s reversed on reflection, an wpward-going wave 
with a counterclockwise rotation being converted to a downward-going clock- 
wise polarization. The polarization diagram is rotated by the effects of ab- 
sorption due to collisions of excited electrons. 


10.2.6 Meteor Traile 

Transient discontinulties in the lonosphere produced by meteore may pro- 
duce deviations in the direction of arrival of # signal. 

The increases in. E-layer ionization at night during meteor showers have 
been fairly well correlated; in fact, chservations of the critical frequency at 
night during the maximum period of the Leonid meteor shower of 1932 indl- 
cated electron densities greater than the nocn value for a summer day (Ref- 
erence 3). 

Radio signals have been reported over long distances at frequencies where 
both the A- and F-layers are ordinarily penetrated (Reference 4). Signals 
at frequencies as high as 40 Mc have been observed at long distances. Sig- 
nels received from such jonized patches will obviously have an apparent 
direction of arrival determined by azimuth of the disturbance. 


10.2.7 Nuclear Blasts 

An atomic blast at high altitudes wil! lonize the atmosphere, thereby either 
grectly enhancing the effect of cue lonosphere, or creating clouca of electrons. 

At an altitude of 60 miles, a klietor atomic bomb would produce a sphere 
of Sj-km radius within which there would be an average electron density of 
10'* electrons per cubic centimeter or about !0° times the average daytime 
density of the E-layer. 

Because of the high densities, V, == 10°, reflection weuld occur up to the 
regic.. of X-band (10,000 Mc). 

In addition to this, beta particles would be carried by the magnetic fleld 
to the opposite hemisphere where, at helghis of 50 to 100 km, electron deii- 
sities of 2 & 10%/cm® would be produced. The fiesion fragmenta, also guided 
by the earth's magnetic field, would arrive a few seconds later and produce, 
at higher altitudes (100-200 km), electron densities of 3 & 10"/cm!, 

The low-level disturbances would mainly be absorbing, preventing Jong 
communication except at the very lowest frequencies, where, however, DF 
operations would be difficult because of the variation of the phase velocity 
and of the consequent severe phase-front distortions, 


= ret; 
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The reflecting patches of ‘onosphere at high level would therefore seem 
to be a virtual source for many signals of higher frequency, that is, above a 
few hundred megacycles. 


10.%.8 Lower-Atmosphere Phenomena 

Useful electromagnetic fields can be propagated several hundred miles at 
frequencies of about 40 to 4000 Mc. The received signal is relatively Inde- 
pendent of frequency, but the signal strength may vary considerably, de- 
pending on the Intervening weather and atmospheric conditions. When 
observing such signals, two types of fading are encountered. The first type 
has an amplitude following a Rayleigh distribution over short periods during 
which the troposphere can be considered constant. This fading, of a rapid 
type, is due to many paths of slightly different length and can be reduced by 
space diversity. 

The second type of fading is much siower and {s caused by variations in 
the gradient o: the refractive index of the atmosphere; this type is not alded 
by diversity. 

In lower-atmosphere propagation, any artificially introduced reflector such 
as an aircraft, particularly if flying close to the transmitter or receiver, will 
increase the field intensity by large amounts depending on the geometry. A 
bearing taken on the transmitter wil!, here, be that of the aircraft. 

Similarly, if the transmitter haa a sharn beam which Is belng rotated, the 
beerings will scintillate due to diffraction and reradiaiion from various high 
spots on the horizon for distances somewhai beyond Hne of sight, but will 
show less error at large distances. The resolution of the bearing will in 
general be poor and bearings will move randomly through large deviations, 
& phenomenon known as “galloping.” Ranges to be expected from troposphere 
scatter are available (page 759 of Reference 2). 

In addition to the relatively steady tropospheric scattering of signals, 
unusus! gradients of defractive index have allowed the reception of radar 
returns at lerge distances, a range of 1700 miles having been reported during 
World War IT, When the index of refraction decreases rapidly with height, 
high-frequency signals can be propagated as In a waveguide. 

Favorable conditions for such duct propagation may be found when the 
air tempereture is higher than that of the water or when two air masses of 
different temperatures are contiguous for a long distance. For an extensive 
treatment of phenomena of this sor:, see Reference 5. 


10.2.9 Laeunae 
Propagation conditions such as ducting, scattering, and fenospheric prop- 
agation have been studied extensively because of their importance in in- 
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creasing the range cf communication and radar-detection systems. In addition 
to phenomena from these causes, the existence of lacunae, oz Islands of at- 
mosphere having discontinulties of refractive Index due to moisture, may be 
encountered during the stages of cloud formation, and vertical ducting due 
to nonuniform heating of terrain may occur on summer days when wind 
velocities are low. These lacunae produce, in the vhf and nigher irequescies, 
“galloping,” or rapid fiuctuations of the bearing, particula.:y when the trans- 
mitt + source is close to the horizon end a jand-based direction finder Is 
beitig used. 


10.2.10 Earth Effecic 

The irregularities of terrain produce disturbances In the propagation of 
radio waves ard therefore difficulties in the DF procedures. The presence of 
refiecting objects such as mountains disturbs the phase front and produces 
interference effects. Mountains and cilffs also cause diffraction phenomena, 
which are especially noticeable at vh{ and above, depending on the topog- 
raphy. 

Differences {n the earth’s conductivity, particulariy {n the transition be- 
tween sea water and ground, also give rise to interference phenomena and 
disturbances In the phase front. The latter effect is particularly noticeable 
at the hf and lower frequencies and /s known as coast refraction (References 
6, 7, and 8). It produces errors in the direction of arrival of 4° to S°. ‘The 
level of the tide has been found to affect the direction of arrival in one case 
at least by 1.25° for direction almost parailel to a coastiine. 

When au reflected wave undergoes a change in polarization, or when the 
origina! signal contains a wave other than a pure plane-polarised wave, errors 
will occur in the apperent direction of arrival slnce the DF antenna patterns 
will often have a different azimuthal pattern for each polarization. More 
will be said ebout this source of error us It Is encountered in the discussion 
of DF antenna arrangements. 


10.2,22 Loce! Site Effects 

The effects of local reflections on the accuracy of a DF equipment sre 
difficult to analyse mathematically because of th- {irregular shapes, orlenta- 
tlons, and dielectric discontinuities which one encounters in local aites. Typical 
examples are the problems aasociated with DF apparatus Installed in aircraft 
and operating at frequencies of about 3 to 300 Mc. 

The treatment is further complicated by conversions of polarization and 
the effect of such modified polarization on the DF array. Further local site 
reflections, being in proximity to the array, will affect different elements of 
the DF antenna nonuniformly. In general, except for certain exceptional cases, 
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the reradiation phenomena cannot be treated as Fraunhofer diffraction, but 
must consider the effect of phase differences in the wavefront which excites 
the antenna; therefore, the Fresnel d‘Yraction case must be treated. 

To Indicate the character of the difficulty, an extremely simple reflector 
may be considered. Assume a metal sphere of radius ¢ on which {s {mpingent 
a plane wave of length A. If the center of coordinates ls chosen at the center 
of the sphere, it is found that the scattered field has radial components 
which ‘all off as 1/7* and has transverse components which fall off as 1/r. 
Hence for large values of r, the electric and magnetic fields vary as e¢/*"/r, 
where & = 29/d ‘a the phase-propagation constant. The Poynting vector at 
large distances veries as 1/r*, If the time average of the Poynting vector {s 
integrated over a sphere of large radius end {< concentric with the scattering 
sphere, this yietds as the total power reradiated from the scatterer: 


a. = _ R, { (Es X H.*)r* sin 6.00 dp 


where E, and FH, are the components of the scattered field. 
The power is the Incident wave per unit arca. If Zo is the magnitude of 
the incident electric field, this power is 


qw, 1 6 «0 
=r mie J 
The ratio 
hy 


dW,/dt __ 
“dW, /dt vm O 


is by definition called “ccattering cross section.” 
In general, the scattering cross section is a complicated function of 
Ar = 20r/A. However, if Ar << | 


o = (10"/3)k'r* 


that Is, the scattering cross section varies as the inveise fourth power of the 
wavelcngth, and |s smaller than the geometrical cross section zr’. 

Let such a smal!l metallic sphere be moved about In space at a distance 
d, from a remote transmitter and at a distance d, from a DF array, then the 
effect of the scattering sphere will be, at the recelver, 
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P(t) = Peo a o-) 


where w !s the angular frequency of the rf signal and P {s a constant depend- 
ent on the transmitter characteristics and on the scatterer pattern. 

For a given scatterer, and assuming that d, + dy, is a constant, as elther 
d; or 7 approaches zero, the amplitude of the scattered signal at the receiver 
inc: .#&«. The maximum phase disturbance is produced when the scattered 
elgnal appears at the receiving antenna {n phase quedrature with the existing 
field. A scatterer with the above description, then, wiil have the most effect 
when it Is close to the receiver and so placed as to introduce a signal in 
sshase quadrature with the direct signa). 

If a number of antennas are used as part of an array, then, unless an 
unusual ceincidence prevalis, the mnaximally disturbing phase will not occur 
at all antenna elements at the same time and the error will in general tend 
to average out. 

Indeed the design of an antenna with a null in the direction of the reflect- 
ing object can be considered ae equivuient to a selection of antenna s!ement 
geometry, of the adjustment of their feed lines, and of the proper weighting 
of the cvefficients for each element so as to cancel all phase and amplitude 
disturbances due to the single reflecting element. 

If the diameter of the reflecting sphere Increases, that is, if 47 approaches 
or exceeds unity, the effect of the reflecting object is more difficult to analyze. 

The :eflecting aphere under these conditions is excited in higher modes and 
th:iefore has a nonsymmetrical reradiating pattern which may at some fre- 
quencies preduce no disturbance at the /°F site, but at other frequencies may 
have a maximum effect. This will also vary with the polarization of the ex- 
citing wave and, of course, with the positions of the reflecting object, of the 
transmitter, and of the receiver, 

From the mathematical analysis for the large sphere, a similar attack can 
le extended to the very prolate sphere which Is the solution for a wire 
antenna of finite length. 

The case of irregular sheets of metal, hangers, and ship structures can 
only be estimated although attempts have been made to formulate mathe- 
matical models (Reference 9). 

A reflecting object such as a flat metal sheet many wavelengths across 
produces a reflection which as Indicated above is dependent on the orlenta- 
tion of the sheet. As the size is increased, the ‘edge effect” (the radiation due 
to excitation of the sheet near the edges and to conductive currents from 
other portions which have not yet been reduced to negligible values by the 
reradiation) becomes of less and less [mportance. Finally, for a large sheet 
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and for 2 wave at norma! Incidence, the reflection ls such az would occur If an 
antenna of the same area were uniformly excited acrcas ite aperture. As the 
sheet is turned, ths major lube moves so that it is directed along a line such 
that the Incident and reflected anglez are the same as in optics, Thers will be 
energy reredieted by a milnor-lobe structure. This minor-Icbe structure de- 
pends on the near edge dimensions, while the main-lobe structure ls more 
nearly dependent on the area cf the sheet. The main lobe will not change 
orientation as a function of frequency, although the minor lobes will change. 


16.2.12 Graund Conductivity 

In direction-finding equipment, variations In the dielectric constant and 
conductivity of the terrain in the vicinity of the antenna can cause appreci- 
able errors unless corrected by swamping such variations by high-conduc- 
tivity screening, counterpoises, or chemics! treatment of the ground. The 
terrain should preferably be uniform for an area at least 3A in diameter. It 
can be made so by a counterpolse consisting of wire mesh less than 0.12 
square. 

A simple example to show the effects of irregular ground planes can be 
presented by considering that, for every direction of arrival, each element 
of the antenna must see a similar image of the trensimitting antenna in the 
ground plane. As the antennas are lowered toward ihe ground plane, the 
necessity for uniformity becomes more {mportant, a) ough the area over 
which uniformity must be maintained may be smaller. Uniformity is most 
important for signals which are descending since the ground plane close to 
the antenna elements contributes most to the formation of the imege under 
thes2 conditions. 


10.8 Sequential Amplitude-Measurement Types 

In the sequential emplituds-measurement type of DF technigue, a directive 
antenia pattern is moved in azimutk and the changes in amplitude are ob- 
served, the direction of arrival belng determined by the azimuth at which 
some amplitude criterion is met. 

The most common type of antenna used is the loop shown !n Figure 
10-15(@). Such a circular loop carrying a uniform current distribution and 
with a diameter d, small with respect to the wavelength A of the signal, can 
be shown (Figure 10-155) to heave « figure-elght pattern In the plane of the 
electric vector—that is, In a plane normal to any two parallel sides. As the 
size of the loop is increased, higher-order odd harmonics with reapect to 
azimuth angle 6 are introduced until, for a diameter of A, the pattern changes 
to that of Figure 10-15(c)} and for the SA-diameter case to that of Figure 
10-15(d). 
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Fro, 10-15, Far field patterna of loops 0.1, 1, and 5 in diameter with ualform la- 
phase current. (d) d == 4/10 (4) dm A. (¢) do SD, 


If the loop were arranged so that its plane were normal to the ground, 
then for a signal arriving parallel to the ground—that is, with an angle of 
elevailon equal to zero—the antenna pattern would appear az a figure-eight 
with maxime 1 the plane of the loop. This would hold only for a vertically 
polarized signal, since there would be no response to a horizontally polarized 
signal, nor, of course, to any horizontal component of a cc.nplex polarization. 

If, on the other hand, the signal being recelved were downcoming and coz- 
tained a horizontally polarised component, then the loop would show a 
maximum response to the horizontally pclarized compenent in space quad- 
rature with the maximum for the vertically polarised component. The result 
would be to produce an error which would tend toward 90° of ezimuth as 
the polarization became entirely horizontal. The error is also dependent on 
the relative time phase of the horizontal to the vertical component of the 
incoming signal. For standard test conditions for polarization errors, the IRE 
standards may be consulted (Reference 10). Polarization errors are further 
discussed in Section 10.9. 

In practice, and In its most elementary case, a icop is rotated unti! the 
audio output (if applicable) is elther a maximum or a minimum. When the 
signal is at a maximum, the loop Is poirting in the direction of the signal 
(that Is, its vertical sides are aligned in the direction of the signal). If a 
minimum {s sought, then the direction of arrival is broadalde to the loop. It 
is generaily advisable to seck a null, particularly when the signal-to-nolea 
ratio is good, alnce the antennas pattern is changing most rapidly at that 
point. Polar diagrams, however, give an improper indication of the true 
sharpness of antenna patterns, and it is sometimes better to consider a plot 
in rectangular coordinates. 

The greatest rate of amplitude change with azimuth occurs at the nuil 
position, although in Hstening to a demodulated signal, the factors which 
affect the discrimination of the null are far more complicated and must in: 
clude a consideration of the percentage of modulation, the detector character- 
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istic, noise intermodulation effects, and the logarithmic response of the ear. 
Further, many varieties of nonlinear amplitude circult characteristics may be 
used to produce an apparent sharpening of the antenna pattern. 


10.3.1 Shielded Loops 

The locp car: be operated as an electric dipole (the so-called monopole) by 
connecting a recelver to elther or both ends and to ground, either diroctly 
or through a capacitor or an Inductor. In this cese, the pattern will, in 
general, be omnidirectional for vertical polarization except for pocsible ir- 
regular images in the ground plane. This mode of operation cf the loop dis- 
torts the loop pattern, which may shift and fill in the null. 

This electric dipole effect can be canceled by shielding the loop and ar- 
ranging the shield so that the currents Induced In each vertical member of 
the shield do not appear across the input impedance of the recelver. This 
arrangement, shown in Figure 10-16, can be compared to the simple balun (or 
balance-to-balance conversion), the balanced loop output becoming un- 
balanced, and the unbalanced electric dipole effect Induced on the shield, 
canceling in the loop. 


10.3.2 Balanced Loops 


The electric dipole effect, which {s aiso known as “antenna effect,” “elec- 
trostaiic error,” “vertical component,” and “stray vertical,” can also be 
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reduced by various balencing schemes, some of which are shown In Figures 
10-17 and 10-18. 


10.3.8 Pancake Loops 

For a muititurn locp. each alde consists of a nuzaber of conductors, each 
turn of which occupies a successively more remote position from a signal 
source, Cidadside io the loop. The difference in position produces a differen- 
tial phase between turns so that a null is no longer present for this position. 

This effect can be reduced by the use of the panceke loop shown In Figure 
10-19, The puncake loop, however, has more pickup of the electric dipole 
mentioned above; hence, greater care must be directed toward the reduction 
of this associated difficulty. 


10.3.4 Loop Systems 

To avold the mechanical rotation o: a loop, the systema proposed by 
Bellini and Tost utilizing an inductive goniometer to sequentially sample a 
valr of inclined antennas (as shown in Figures 10-3 and 10-4) havi bren 
anplied to crossed loops. Figure 10-20 shows auch a crossed-loop array as 
wied in the Navy DAK equipment. The DAK cperates in the frequency 


Fic, 10-20, Croa- 
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tion finder (DA 

K) for 240-1800- 
ke range. 





Fio. 10-19. Pancake-loop antenna 
to reduce quadrature pickup. 
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range 250 to 1500 ke In two bands split at 610 kc. The collector syatem is 
mechanically arranged to mount on a ship's superstructure. The bearing in- 
dication ‘2 a cathode-ray indicator which shows a propeller pattern of the 
type discussed in Section 10.8. 

In addition to the visual indication, it is possible to mechanically rotate 
the goniometer to produce an aural null. 

The gonlometrically rotated patterns have a number of advantages over 
the mechanically rotatable loop. The rotatable locp, experience has shown, 
requires about 10 seconds to obtain a bearing on a signal having about a 
10-db signal-to-nolse ratio. For a manually rotatec goniometer this time was 
reduced to about 3 seconds, while with a cathode-ray indicator, only about 
¥% second was required. These are approximate times since much depends 
on the observer’s skill, on propagation conditions, and on the signal charac- 
teristics, 

A crossed-loop direction finder using a goniometer and operating In the 
hf range (1.5-22 Mc) is shown in Figure 10-21. This is a Navy DAU type 
and Is arranged for mounting atop atub mast or aftermast of a vessel. The 
bearing presentation Is a propeller pattern displayed on a cathode-ray scope. 
The goniometer design and indicator details are presented in Sections 10.7 
and 10.8. 

Loop antennas have also been used at the higher frequencies. Figure 10-22 
shows a loop antenna used on CXGJ, a shipboard direction finder operating 
in the frequency range of 20-100 Mc. 

This equipment uses a shielaed rotating loop (Reference 11) Inside a 
streamlined plastic housing. The display is a cathode-ray tube presentation 
with sense being obtained by adding the output of a dipole to the loop signal. 


10.5.5 Loop Arrays 

Loops may be used as elements In an array which can then be rotated 
to detertnine the direction of arrivai. Loops can be greuped as linear mulii- 
element broadside, binomial, Dolph-Chebyshev arrays, and can be stacked 
vertically for more directivity in a vertical plane. 

The binomial array may be used to reduce the minor lobe difficulty. In 
this type, all the radiators are also connected In phase, but the center ele- 
ments of the array contribute more heavily to the input of the recelver, 

The design data for these and also the Dolph-Chebyshev errays may be 
found in a number of references (c.g., page 692 et seq. of Reference 2). 


10.3.6 Spaced and Opposed Loans 
To reduce the error due to horizontal polarization, many arrangements of 
two or niore loops have been suggested. One of these systems used by three 
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Fia, 10-21. Crossed-loop direction finder, DAU type, i.5-22.0-Me range, 
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Fro. 10-22. Rotating-loop direction finder for airborne use (CXGJ), 30-100-Me f{re- 


quency range. 
! independent ‘zvestigatora (Franklin, 
ha Eckersley, and Weagant) is shown in 


Figure 10-23. The two loops are ar- 
—| ranged !n coplenar fashion and con- 
nected out of phase. A signal with 
vertical polarization arriving In the 
nlese of the loops produces an output 
dependent on the spacing of the loops; 
In fact, such spacing introduces 2 dif- 
Sa ea ae ferential phase so that the combined 
: 10-23. Spaced and opposed loops for outouts of both loops are no longer 
p¥distion| of palanientien \vnrer. out of phase. The horizontal compon- 
ent, which, arriving from a direction broadside to the array, ordinarily causes 
difficulty, is canceled in the combined out-of-phase outputs. In this manner, 
for the broadside arrival of a signal, minima exist for both polarizations. 
‘curious minima can still exist at angles of the broadside positions since 
there will be positions where the vertical and horizontal polarizations may 
cancel, producing an extraneous minimum. 
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10.3.7 Dipole Types 

An electric dipole, arranged horizontally, will have a figure-eight pattern 
and may be used as a DF antenna. Since there Is w puase change of 180° as 
the dipole is rctated, the outpu’ can be combined with a horizontal loop to 
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obtain # sense voltage and produce a cardiold to avolu an ambiguity in 
direction of arrival, The pattern for such a dipole {s shown in Figure 10-24, 
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Fio, 10-24. Directional pattern of an electric dipole arranged horizontally. (¢) Dipole. 
(6) Cross section of directional pattern. (c) Perspective view of directional pattern. 


The usual precautions must be taken to assure a balanced output, since an 
insufficient or asymmetrical counterpolse, or Irregular nearby reflecting ob- 
jects, will net only distort the pattern but also can cause pickup of vertice! 
polarization generally by causing unbelance and pickup by the transmission 
lines. Poor connectors, faulty cables, or improper baluns, can all produce 
pattern distertions by what may be considered as analogous to the “electric 
dipole effect,”’ ‘antenna effect,” and “electrostatic error” for the previously 
discussed case of the loop. 


10.3.8 Rotating Cardicid 

If two antenna elements are arranged at a distance between A/8 and 
A/4 at the operating frequency and are adjusted in phase, an approximate 
Cardisia can be obtained. 

This pattern can then be rotated to produce at the output of a receiver 
what is essentially a sine wave with a frequency equal ic the antenna rota- 
tion rate. The phase of the sinc wave thus obtained is compared with the 
position of the loop by one of many methods to determine the direction of 
arrival, 

Instead of deriving a voltage from each element directly, a perasitic ele- 
ment may be used in place of one antenna. The parasitic element may then 
be rotated about the active element as a center, therefore requiring ne ro- 
tating feed and thus simplifying the mechanical and electrical structure. 

A rotating cardiold antenna for direction finding in the frequency range 
225-400 Mc is shown In Figure 10-25. This is one of two similar antennas 
used itt a space-diversity arrangement in the AN/CRD-6 equipment. 

Kach antennas consists of a stationary vertical dipole ground which Is 
rotated, at 1800 rpm, a parasitic reflector. The dipole Is 19 inches long; the 
reflector fs 22 Inches long and located 3% inches from the dipole. An the 
reflector rotates, it amplitude-modulates the received signal at the rotational 
rate, Coupied to the drive motor M is a two-phase generator G with output 
frequency equal to the amplitude-:nodulating frequency. 
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Fic, 10-25, Cardiold antenna aa ussd or. CRD-6 ubf direction finder. 


After detection, the phase of the antenna pattern modulation is ccmpared 
with the phase of the reference frequency produced by the generator. The 
whase difference between the two produces an indication on the azimuth 
indicator. 

Figure 10-25 shows a simplified block diagram of the system arranged as 
a two-antenna space-diversity system. The comparator CM-23/gr samples 
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Fio. 10-26. Functional block diagram of direction finder AN/CRD-6, DF® is the re- 
celver cutput during the operating period only, 
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each antenna, determines which signal is the stronger, and connects thie 
stronger signal to the asimuth Indicator. 

After the antenna with the strerger algnal fs selected, the comparater 
continuss to sample each antenna and operates to keep or exchange the con- 
nected antenna depending on which of the sampled cutputs is the larger. 

Figure 10-27 is a simplified block diagram of the agimuth Indicator which 
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Fid, 16-27, Asimuth Indicator for AN/CRD-6 block diagram. 


feeds three visual Indicating devices and one aura! unit (speaker LS101). 

The phase meter M10! Is a mechanical device which indicates the bearing 
visually. The signal can also be examined visually Sy the cathode-ray oscil- 
loscope Y111. A third visual ald, 1:01, is a bearing indicator light which 
warns the observer when the comparator {s sampling and a reading may not 
be taken. 


10.3.9 Irreguiar Pattern Type 

To illustrate that the pattern need not be regular, syrimetricel, and 
simple, a DF apparatus with a wide aperture and having as complex and Ir- 
regular a pattern as possible {s shown in Figure i0-28. 

A receiver K, is connected to antenna $1 and so arranged that as its oscll- 
lator is tuned to /,, the desired signal, a reraote oscillator generates a signal 
at fy on an adjacent band to /;. This calibrating frequency /, is transraltted 
toward the DF antenna $1. 

The receiver R, js arranged to have two [-f strips at foe — /; and 
fom ~~ fa. The output of euch strip is detected in a separate detector. The 
output of one detector, in this case, that containing the demodulated f,, is 
applied to a tape recorder with a movable pickup head and so arranged to 
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Fic, 10-28. A correiation direction Ander using en Irregular patiern. 


introduce a delay ¢ = 1/R from to to to + (1/R) mirutes, where RK is the 
rotational rate of the antenna per minute, and fo {s dictated by the mechani- 
cal design of the recorder. 

The delayed output of the recorder is fed to one input of a correlator, and 
the demodulated /; signal is fed to the other input. 

The correlator multiplies both inputs together and smnooths, perforraing 
the operation 


+T 
Oise = rf K,A (O;¢ 4+ re)*K3A (0,6 + tv) dt 
vr 


The variable delay +r, Introduced by the recorder is adjusted to maxim!ze 
dyiya. This maximum occurs at rg == r,, and this delay is transformed to a 
bearlig of the deelred signal relative to the bearing of the calibrating oscii- 
‘ator fy by the simple reiation 


6° ae (r/R )°360° 


where, as above, R is the rotational rate of antenn. $1 per minute. 
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10.38.10 Adeock Systems 

In 1919 F. Adcock patented a DF antenna array in which two orthogonal 
figure-eight patterns were obtain.d by two pairs of spaced vertical antenna 
elements utilizing a goniometer similar to the Bellini-Tosi system and de- 
scribed in Section 10.7. 

The gonlometer was arranged so that varying portions of the output of 
each pair were sequentially sampled. In this manner. ¢ rotating figure-eight 
pattern was obtained. The 180° ambigulty was re \\_.d by adding a sense 
voltage from a center antenna. 

''th an Adcock system, the error due to extraneous horisonta) polariz:.- 

elng present can be minimized to a few degrees; however, @ number 
of precauticns are necessary. The syrametry of the electric field of each 
antenna must be preserved, the ground plane must be smooth with uniform 
conductivity, and the shielding or balancing of all horisontal cebles and 
feeds {s of great Importance. The most important of these is the last, namely, 
the ahlelding cr balancing of the horizontal cables. 

Several variations of the Adcock system are in use. At frequencies above 
100 Me, {t is practical to use dipoles with a balanced feed from eack element 
as in the URD-4, Figure 10-29(¢). This array is sometimes called an ele- 
vated “H,”’ 

—_— The URD-4 operates in the fre- 
quency range 225.0-399.9 Mc. It is w 
mechanically rotated pair of dipoies 
motor driven at 825 rpm. A two-phase 
generator similar to the srrangement 
previous, Jescribed with respect to 
the CRD-6 (Figure !0-25) Is used to 
generate two voitages in quadrature, 
iiiat Js, alne and cosine functions, for 
application to the plates of a cathode- 
ray tube to form a circular sweep pat- 
tern. 

The 180° ambigulty of the symmet- 
rical pattern is resolved by outphasing 
one of the elements of the antenna 
with respect to the other and shifting 
the resulting bent-back figure-cight 
pattern through 90° on the CRT ao as 
Fia, 10-29, (a) AN/URT)-4, (>) Bearing to point toward the correct azimuth. In 
pattern, no modulation, (c) Sense pattern, Figure 10-29(6) {s shown a CRT pat- 

no modulation. ; 
tern on a strong unmodulated signal 
and Figure 10-29(¢) iliustrates the sense-resolving feature. 
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Two “H” pairs can be arranged in a crossed configuration to form en 
elevated “H!’ Adcock array. The pairs can be sampled by a gonlomster, 
either moter driven or manually operated. The sequential sampling method 
cai also be replaced by a simultaneous sanipling of both pairs, but syatems 
of this sort are discussed under instantaneous types (Section 10.6). 

When Adcock antenns array’ are used, with elther a sequential or simul- 
taneous sampling of the output of each of two crcased pairs, the precision 
with which the ideal figure-elght patterns are maintained wiil determine the 
ultinate accuracy of the DF equipment. 

If the elements of a palr ave arranged close to each other, that is, iess than 
0.1 A apart, then the antenna pattern Is substantiaily sinusoida!. A goniom- 
eter designed to operate from two crossed pairs having sine and cosine 
patterns with reapect to a reference axsimuth will, under these conditions, 
show a negligible errez. 

The close spacing, however, will result in an extremely small effective 
aperture and therefore the sensitivity of the system will be very low, since 
the aperture is substantially propertional to d/A when d/A is small (@ =: 
spacing). 

In a four-element Adcock for 1 maximum error of 2° at the highest fre- 
quency to be rscelved, the spacing between elements of a pair should not 
exceed 0.48 A. 

This error will increase with downcoming signals, since the effective spac- 
ing varies as sec ¢, where @ Is the elevation angie of the arriving signal. The 
“spacing” error increases with frequency and therefore imposes an upper 
Umit in frequency range beyond which the error becomes excessive. 

In order to reduce this erzcr, cignt-element Adcock arrays have been 
developed. These arrays have four psirs of antenna elements symmetrically 
disposed on a circumference. Two methods are used to connect these antenna 
pairs. 

in the first method, each odd-numbered antenna is connected to an ad- 
jacent antenna in the same direction. Each interconnected adjacent pair 
forms an Adcock element being connected out of phase with a diametrically 
opposite paralleled palr, 

The second method uses a polyphase goniometer, the details of which will 
be shown in a later section. 

An eight-clement antenna sysiem using the polyphase goniometer Js shown 
in Figure 10-30. This equipment is knuwn as the GRD-5 and covers the 
vhf band. 

The eight-element Adcocks have a reduced “spacing” ~rror since the output 
of each pair fs used over a4 restricted angular coverage. Since the distortion 
of the figure-eight diagram is least in the vicinity of its maximum and 
minimum values, the error Js minimized by this restricted use of each pair. 
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Figure 10-51 shows the epecing errors of muitielement 
Adcock systems using polyphase gonlometers (Reference 
12). In this figure 


N = tota! number of elements 
s= number of pairs 
s= spacing betwee elements of palr 
sz wavelength to be recelved 
A = maximum “epacing” error in degrees 

Figure 10-32 shows the antenna aystem of the SCR- 
291A. An equipment eimilar to this, the DAJ, was an 
important factor in nullifying the German submarine 
threat during World War II, This antenna equipment 
consists of two directional pairs and a sense antenna. 
Four antenna elements are located at the corners of a 
25-foot square and the Afth at the center. Each element 
consists of a vertical wire supported within a 24-foot 
telescoping mast of plywood tubing. The antenna pairs 
Fic, 10-30, Ancight- are sampled by a motor-driven Inductive goniometer 
element Adcock ar- and disp'ayed on a S-inch CRT Indicator. The equip- 

ray for vhf us, nent covers the frequency range 2.0-10 Mc In three 
bands, Tie equipment has a +2° bearing readability for about 1Cyuv/m 
field strength. 

The display, which is of a propeller pattern type, is considered in Section 
10.6.1, 


At the hf range for permanent Installations, the most practical arrange- 
ments are those in which the feeds are buried below the surface of the 
ground so as to reduce the standard wave error, The standard wave error Is 
& measure of the immunity of the aystem to polarization error. 

The standard wave error \s defined as the error produced by & downcom- 
ing wave at an elevation angle of 45° and having equal electric field com- 
ponents which are, respectively, In and at right angles to the vertical plane 
which includes the DF antenna and tie test transmitter, the phase reiation 
of the two slectric-feld components being adjusted to produce maximum 
DF error (Reference 10). 

The burie:: Adcock can further be improveu by the use of buried wires in 
a counterpois; arrangement (Reference 13) as shown in Figure 10-33. 
“igure 10-3: a:x.ows the reductions in standard wave error for @ transportable 
Adcock brought ebout by the use of radials of various lengths in the con- 
figuration o° Figure 10-33. A loop transmitter was elevated 50 feet above 
the ground xt a distance of 400 feet from the DF array. The soll conduc- 
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Fin, 10-31. Spacing errors of multiaerial Adcock systems wits polyphase goniemater. 
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Fio, 10-32. Antenna system SCR-J91A hf Adcock direction G&nder with block diagram 
of nesoclated auxiliaries. 
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Fro. 10-34. Varlation in polarisation error 
with type of radial system, for DF station 
transportable Adcock A = with earth 
mats, no radials. B = with sarth mats 
Fic, 10-33, Buried U antennas with coun- and four §2-foot racials. C == with earth 
terpoise wires and earth mats for reduc- mais and four 200-foot radials, D =< with 
tion of polarization errcrs. earth mats and eight 200-foct radials. 


tivity was measured at ~ i0°§ mhos/m and the permittivity as 8.85 x 
10°24 F/m at 5 Me. 
' From tests of this sort, it ie found that substantial improvements are pos- 
sible (60°-70°) by various sides when the site conditions are poor. However, 
if « good site is available, many precautions are unneceasary. 

More will be said about counterpoise arrangements in Section 10.9. 





10.8.11 Refloctors 

To increase the directivity of a single antenna clement such es a vertical 
dipole and not complicate the feed and phasing problem, a reflector is often 
used. When two fiat sheets intersecting at an angle are used, a sharper pat- 
tern than a flat reflector is cbtained. Figure 10-35 shows the field pattern 
for a square corner reflector with an antenna-to-corner spacing of 1.5 A. 

The rotating dish or refiector is employed in such equisments as the 
AN/APA-17 and AN/ALA-6, The rotating dish, in conjunction with a re- 
ceiver, detector, and display unit, is utilized to provide a algnal strength 
versus azimuin piot of the electromagnetic environment. The indicator pro- 
vides a PPI presentation from which the angle of arrival is determined. The 
rotating dish principle is {llustreted in Figure 10-36, where an ideal signal- 
strength plot is depicted. 
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Fro. 10-35. Caleulated pattern of square corner-reflector antenns with antenna-to- 
corner spacing cf 1.5 ) relative to \/2 dipole in free apace. 





Fic. 10-36. Rotating-dlaa directlon-Anding crincipis. 


The antenna configuration utilized in the rotating-dish direction finder is 
shown in Figures 10-37(a) and 10-37(5). Both horizontally and vertically 
polarized antennas are alternately switched to the receiver to permit recep- 
tion of both polarizations. Since the directiona! charact>"'stics are in cpposite 
directions, a 180° bearing s.lft is produced when switcl..ag between antennas. 
Compensation can be easily provided ty reversing the indicator as one an- 
tenna /s switched. 

The rotating-dish direction-finding technique has been utilized for many 
years; however, it has a number of difficulties. 

Since the signal-strength plot is one corresponding to the antenna pattern 
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Drive wel 
Fic. 10-37, Antenna configuration utilised in the rotating dish directior finder. 

of the direction-finding antenna, patterns will vary as a function of frequency 

(the antenna is generally froadband). 

If s rotating emitter (such as a radar) is intercepied, distortions in the 
signal-strength plot are quite probably due to the trersmitter lobe structure 
which in turn gives erroneous asimuth data. 

At frequencies below 100C) Mc, the dish becomes too large to permit its 
use on high-spead aircraft. 


30.8.12 Miscellaneous Klements 

Often it Is advantageous to use antenna elements other than locps or 
dipoles. 

Dielectzic rods, helixes, terminated wave antennas, rhombics, half rhom- 
bics over an Image plane, slots of many configurations, open-ended wave- 
guides, dielectric-loaded and ridge-loaded horns, all have been used and 
offer certain advantages depending upon the apolication. The characteristics 
of such radiating eiements are discussed In Chapter 29, “Antennas and 
Transmission Lines.” 


10.83.15 Wide-Aperture Systemse-—Sequential Amplitude-Measure- 
ment Types 
As the radio wave propagates in space over an Irregular terrain, it {s 
absorbed, refiected, diffracted, and refracted. Irregularities along the ground, 
both natural and man made, distort the wavefront so that, at a given point, 
a measurement of the apparent direction of arrival may heve iarge errors. 
Figure 10-38 shows @ repreaentative condliion when the field from e signai 
source R is affected by a strong reradiating source at S. Direction finders 
located at phase discontinuities A, B, C, D, and E would show large errors. 
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Fio, 10-38. Equiphase contours. 


However, if a large aperture DF array is used extending we!l Seyond the 
points of maximum phase disturbance, the error may be reduced substantially 
by averaging or by more sophisticated statistical procedures. 

The problem ef exploring the fieid over a large area, 4.¢.,, many wave- 
lengths, is relatively simple at frequencies above 1000 Mc, since antennas 
directivity can easily be achieved by the use of arrays and parabclic re- 
fiectors; and this directivity can be used to separate the primary source 
from secondary cr extraneous sources. 

At the lower frequencies and in particular at hf, high directivity requires 
large physica! antenna structures which cannot readily be rotated mecnani- 
cally to determine the asimuth of the strongest signal. 

Antenna arrays are discussed briefly in the foregoing text. The effect of 
the ground plane on the design will depend on the polarization being used. 
At the vhf and uhf bands, the ground can be considered as a perfect con- 
ductor for horizontal polarizatior.. The reflect ~ wave {s under those condi- 
tions equal to the incident wave but phase reversed so that an out-of-phase 
image is produced. 

For vertical polarization at grazing Incidence, the reflection coefficient is 
essentially the same for both polarizations. For other angles, however, the 
phase and amplitude of the reflected weve changes and is also depencent on 
the electromagnetic properties of the ground. 


10.8.14 Lobe-Switching Arrays 
By proper phase-change switching, the major lobe of an array may be 
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made to move through an equa! angle on slither side of the plane normal to 
the array. This lobe switching {s so arranged that the amplitude of a signal 
normal to the array remains constant since the antenna gain for this positicn 
is constant for both lobe positions. The array is then rotated slowly while 
the lobe switching la done rapidiy enough so as to obtain several samples for 
each incrementa) position. The rotational rate is therefore determined by 
beam :uwusrpness. Figure 10-39 shows the antenna patter in both positions, 
The advantage of a lobe-switched array lica in 
the feature that the cross-over point or point of 
equal amplitude In both lobe positions can be 
selected at a high signal level and yet be a point 
where the antenna pattern is changing most 
rapidly with azimuth. The pattern will, however, 
change with frequency #o that, In general, lobe- 
switching methods are limited to narrow frequency 
ranges. 





10.3.18 Beam-Shifting Arrays 

Fro. 10-39. Switched lobe di- At 1000 Mc and above, sharp beams can be 

Resteon i See. obtained from reflectors that are sufficiently small 
(approximately 12 feet diameter for « 5° beamwidth). These dishes are still 
small enough to be mechanically rotated for ship and shore !nets!ietions, and 
useful when the signal last sufficiently long to be intercepted by the beam 
rotation. Systema which obtain the direction of arrival on a single pulse are 
described in Section 10.6. 

At frequencies below 100 Mc and !n particular at hf (3-30 Mc), the 
arrays become large and are only feasinle for ground-based installations. 

One of the early applications of beam-shifting arrays was the MUSA 
system (Reference 14) used for the improvement of transoceanic communi- 
cations in the presence of multipath and other propagation difficulties. 

This system, called MUSA (Multiple Unit Steerable Antenna), used, in 
its first phase, am endfire array of rhombics ao arranged as to be steerable 
in the vertical plane. A variable phase shifter was associated with cach 
antenna operating at the i-f of the receiver, Six rhombic antennas were used, 
each antenna going to a mixer and a phase shifter. The outputs of the five 
phase shifters (the first antenna not requiring a phase shifter since it served 
as a reference phase) were then fed into a supplementary receiver which 
provided the gain and second-detector functions. In this system several 
branches of ganged phase shifters were provided so that several beams could 
be synthesized at one time and several vertical angles could be viewed 
simultaneously. 
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The MUSA system was extended subsequently to the generation of beams 
which could ‘.e steered in asimuth (Reference 15). This modification was 
used to stud’ lateral deviations from the London-New York great-circle 
path and showed that, during ‘“‘all-daylight” path conditions, multipath 
propagation vas bunched in or near the great-circle plane. During periods of 
dark or partially f{lluminated path conditions, the propagation was not 
Mmited to th; general vicinity of the great-circle plane but would, under 
conditions of ‘onospheric diaturbances, even of moderate intensity, involve 
paths south of the great circle. At times, wide southerly deviations up to 
75° were fourd from 5 to 15 Mc. Simultaneous deviations of about 30° were 
found at time: on 9, 7, and S Mc. 

Figure 10-:0(a) shows the broadside array used for the formation of the 
horizontally steerable beams. The asymmetry which results due to the mu- 
tual coupling of adjacent antennas not existing at the end elements is par- 
tially compensated for by the use of dummy elements at cech end. 

Figure 10-40(5) is a schematic of the MUSA receiving apparatus; the 
output of each antenna is combined linearly at |-f. 1f further reduction of 
minor lobes vere required, the combination of the outputs could be weighted 
in favor of th: middie elemente to approximate a binomial distribution. : 

The cage |ircadside MUSA was designed to have high directivity consis- 
tent with a :ingle-lobed response. The highest frequency for which single- 
lobed response is required determines the spacing of adjacent elements 
which must ':e A/2 at /max Figure 10-41 shows the calculated patterns at 
10 Me (fmax, and § Mc (fmax/2). The back lobes can be reduced if neces- 
sary by using: unidirectional configurations for each antennae element. 

If back rediation from each element Is suppressed and the number of 
active elemer ‘ts is Increased to eight, the patterns of Figures 10-42(a) and 
42(b) can be obtained. These patterns were calculated for a synthetic array 
in which the phase ai each antenna is recc:ded with respect to a reference 
antenna, and « computer used to synthesize, after the reception, the optimum 
pattern (References 16 and 17). 


10.3.16 ‘Circular Arrays 

The use of DF arrays having narrow beams has a numbe? of advantag’ 2. 
In the hf rar ge. multipath signals can sometimes be resolved and a more ac- 
curate bearlr obtained. In addition, the usual advantages of a large aper- 
ture array in giving good bearings under poor site conditions prevail. Whether 
a large aperture using doppler or a sharp beam is best depends on the dis- 
tribution in azinvuth of the reflecting objects, and on whether the total re- 
flected energ’’ comes from a few large objects or many small ones. 

Returning :o the wide-aperture narrow-beam type: the number of elements 
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Fic, 10-40. (a) Breadalde array used in the MUSA system for horizon azimuthai 
selectivity. (b) Schematic of MUSA receiving apparatus. 
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fro, 10-41. Horizontal plane directional patterns of cage broadside MUSA, The image 
lobe is & roeult of the omnidirectional asimuth pattern for each cage clement. ¢ bs the 
fundamental veriable phase shifs ¢, of Figure 10-40(4). 


in the MUSA can be extended and airanged in « circle in the event that a 
full 360° coverage is required. ‘his {s what the Germans did during World 
War II 'n developing the Wullenweber. 

Instead of ualng lumped phase-saifting networks operating at \-f, the Wul- 
lenweber, at some sacrifice in sensitivity, used a goniometer with delay lines 
connected to about one-third of the elementz, contiguously selected. The 
Gelay lines were adjusted to bring Into phase the outputs of these adjacent 
antennas. The goniometer progressively selected, In a rotating fashion, each 
group of antennas. Figure 10-43(@) shows the basic principle of the Wul- 
lonwebur. Figure 10-43(6) shows a 120-element array with a diameter of 
1600 feet installed on the facilities of the Uriversity of Illinois near Urbana, 
Tinols. 

With the Wullenweber, only # portion of the total aperture is used at any 
one time, usually approximately one-third of the elements. If raore chen one- 
third of the elements are used, the goniometer becomes complex, the longest 
deluy lines become bulky and lossy, and the performance is not sopreciabiy 
impro- sd. 

The goniometer and delay-line configuration present some serious design 
problems. Each antenna feeds the receiver through a transmission line which 
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Fic, 10-43. (a) Basie princlple of Wullenweber. (6) Wullenweber hf array with 120 
elements located on the University of Tinols antenna test elte. 


Introduces the required delay. The impedance which each antenna presents 
te the recelver junction is a function of the line length and the frequency 
being received. In order to prevent changes in impedance with frequency at 
the receiver Input, each antenna is generally lightly coupled to its delay line, 
thus reducing the sensitivity of the system. If isolation amplifiers are pre- 
vided at each antenna, then such amplifiers must maintain a constant or 
calibrated phase characteristic to an extreme accuracy over the frequency 
range. 





~~ 
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The proper design of isolation amplifiers at each antenna would moreover 
permit the simultaneous use of the array for more than one elgnal, or the 
continuous monitoring of one signal source while other azimuths are being 
examined for new signals. 

Instrumental accurscies of better than 34° can be obtained with £0-, 
apertures above 100 Mc. 

At hf, the limit in accuracy will generally be due to propagation phenom- 
ena. At ranges from 0 to 20,000 km, substantial deviations from the great- 
circle routes have been experienced (References 18, 19, atsd 20). It has 
been suggested (Reference 21} that this effect is a lateral devietion produced 
by tilts in *h: lonosphere caused by diffraction processes in the F; layer. 
The tiiting of the reflecting Isyer is insuificlent to produce the sizable devia- 
tlons. These phenomena are illustrated In Figures 10-44(@), (6), and (c). 
Figure 10-44(¢) shows the end-on view of the prism effect in the refracting 
iayer, producing a lateral deviation to the left. Figure 10-44(0) shows the 





crete: SAE ASA 
{e) (6) (s} 
Fico. 10-44. (a) The end-on view of the priam effect in the refracting layer, (6) The 


side view of the refraction phenomencn In the F,-layer with reflection from the 7,- 
layer, (¢) The symmetrical refraction from a uniform #,-layer. 


side view of the refraction phenomenon In the F, with reflection from the F; 
layer. Figure 10-44(c) shows the aymmetrical refraction from a uniform F; 
layer. 

These effects are slow variations due to gradual changes in ionosphere con- 
figurations averaged over 4 to 1 hour. There are, of course, the rapid fluc- 
tuations due to Interference effects of multipath propagation. Figure 10-45 
shows the results of tests with a wide-aperture Interferometer on hf Jono- 
sphere-reflected signals (Reference 22). 

The queation ia still to be resolved whether a wide-aperture system of N 
elerrents located in one area is capable, at hf, of ylelding better accuracies 
on distant signals than that number of elements arranged in a number of 
Adcocks with space diversity. 
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Fro, 10-45. Histograms of bearing deviations from the mean for each heur of the months 
shuwa, At the top is given the station, frequency in kilocycles, location, and month. 


If the propagation is by lonosphere reflection and if the disturbances in 
the phase front cf the electromagnetic field due to a plurality of reflecting 
areas are grouped closely together, then these phase-front disturbances 
change very slowly with distance In tne vicinity of the receiver. 

For example, if two Images of the transmitter—one as a result of the 
F,-layer and the other as a result of the Fy-layer but refracted by the F;- 
layer-—are considered, there rays may at a time and at a distance of 2000 
km be separated by $°. Under these conditions the phase front at the receiver 
would be distorted by cyclical phase changes at distances of 


& = a/ain 5° 
For example, !f A == 30 meters, the quantity 8 is 
8 = 30m/0.087 = 345 meters. 


Attempts to average out the disturbance would require an aperture several 
times 8, depending on the residue error to be tolerated, or an aperture of 
over 1000 meters at A = 30 meters. 

If the reflecting or refracting objects are remote and close together, then 
a wide-aperture system would be impractically large. If, on the other hand, 
local reflecting objects or a poor ground plane {s encountered and, In particu- 
lar, if the azimuth of these reflecting objects is substantially different from 
that of the desired signals, then medium- and large-aperture systems will 
substantially reduce the error. 
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The desien of a wide-apertura system should take into account the general 
direction in which the signals are expected to arrive and the iccations of 
various unavoidable reflecting objects. Accurate data are required (Referen- 

If the reflecting or refracting cbjects are remote and close together, then 
ces 23 and 24) on lonosphere statistics for dally and seasonal periods and 
under conditions of unusual magnetic and solar activity. 


10.3.17 Doppler Direction-Finding Systems 
The wide-aperture DF system using doppler techniques {is considered 
under sequential phase-measurement systems (Section 10.4). 


10.38.18 Multllobe and Interferometer Types 

In airborne applications for high-speed aircraft, at frequencies below 
200 Mc, it Is difficult to design DF systems with reasonable accuracies 
(+5° )and not introduce excessive aerodynamic dreg. If two widely sepa- 
rated antennas are used to create a multilobe structure, the bearing of a sig- 
nal can be obtained by observing the sivnal veriztions as the aircraft moves 
through the signal, This system: in ymecimes called the two-nerial Inter- 
ferometer. This technique is used «a the ASQ-!8 sirborne reconnaissance 
sysiem operating from 70 to 1000 Mc. 

In this system, the antenna elements are spaced at a distance d, which is 
usefully 2 to 10 A. It can be shuwn that the resulting interference pattern will 
contain rulls which occur at azimuth angles given by (see Figures 10-46 and 
10-47): 


An == sin! (na/d) 


where Ax = null angle 
n = 0, |, 2, 3, ete. 
A == wavelength 
é= 


distance between elements 


Fic. 10-46, Calculation of emitter location. 
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The angle between successive nulls is 
6 = (Bn +1) — Bn = sin” fat tA sin®? ae 
If the antenna spacing is large compared to one wavelength, 
0 an A/d 


Utillsing the known position of nulls in the azirautha! interference pattern 
of two or four antennaz and correlating this with the nevigation data and 
intercepted signal strength for a given emitter, it becomes posalble to deter- 
mine the direction of the emitter when it has gone through three succesalve 
nulls. If the location of the emitter is appreximately known beforehand, 
then a directional cut can be obtained from one or two null recordings. 

In practice the interference pattern generated by two elements will be 
modified by the Individual radiation patterns of the elements. However, as 
iong as these ure easentially omnidirectional in regions of interest, and as 
long as unwunted nulls are minimized, the interferometer will yield much 
useful! information. 

: This method make’ no pre- 
7" judgments of the antenna pat- 
| tern of the emitter whose 
® direction {a sought, but requires 

only that the Interferometer be 
™ moved in a reasonably straight 

line and that it be Jiluminated 
‘# ~—often enough to trace out the 
null modulation which it has 
established by its own c:onstruc- 
tion. 


10.83.19 Lens Types 
While various types of lenses 
can be used to obtali a shaped 
beam, the Luneberg lens is the 
only one which has an impor- 
tant use in microwave direction 
finding. 
ines capella R. K. Luneberg suggested 
Fio, 10-47, Antenna-radiation-pattern nulls (Reference 25) a nonhomoge- 
as a function of frequency for wing-tip  "¢0US lens for providing a 360° 
antennas on an RB-47E aircraft. acan by moving only the pri- 
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nary feed. Such « lens must be redially symmetrical. The refractive index 
must then vary with the .adfal distance from the center to the circumference. 

The design of the lens (Figure 10-48) and the choice of the refractive 

index must be such that a plane 

‘ phase front impingent on the lens 

cireumfercnce will focus the wave at 

a point F, which is the far end of a 

diameter perpendicular to the phase 
front. 

To fulfill this condition, the in- 
tegral of the refractive index times 
the element ds must be the same for 
all paths from the aperture AB (see 
Figure 10-48) to the feed F. 

By providing a mutiplicity of probe 

| or feeds which consist of dipoles 
| arranged at an angle of 45° to the 
plane of the lens, tae system can be 
Fico. 10-48. Ray paths and phase fronts in made to operate instantaneously. The 
Lubepong Bis. dipoles are arranged at 45° sa as to 

be “transparent” for the wave impingent at that portion of the circumference, 

Figure 10-49 shows a spherical Luneberg lens similar to that used on the 








Fra. 10-49. Spherical J.uneberg lens similar to that used on AN/DLD-1, 


meme 


ad 


A A A SE AS a TD RK PT aes mas 


DIRECTION FINDING 16-57 


AN/DLD-1 microwave reconnelssance set, which is an airborne equipment 
operating in the frequency range 1000-40,000 Mc. Three Luneberg lenses 
are used to cover the range 1000-9100 Mc, while an array of horns covers 
the range 91G0-40,000 hic. 

The Luneberg lens as used in the AN/DLD-! equipment has fifteen out- 
puts each connected to a video receiver. Its design is such as to obtain a 
bearing on a short-duration radar signal since {t operates on an instantaneous 
comparison of adjacent sectors rather than on a sequential exploration or 
scanning process. The AN/DLD-! is therefore classified as an instantanecus 
type and will be dsecribed in Section 10.6. 


10.4 Ssquential Phase-Measnremenat Types 

The direction of arrival of « signal can be determined by moving 
antenna from point to point in a horisontal plane and noting the phase 
change thet results. A phase change of 2w radians per second is equivalen 
to a doppler frequency shift of 1 cycle. The field may be probed either by 
moving an antsnna mechanically, or by having a fixed deploymen: of an- 
tennas and switching sequentially from one to the other. 

Figure 10-50 shows the conditions for the mechanical movement cf a 
probe in a circle about a vertical exis O, 


Pe 





Fro, 10-50. Sequential phase-measurement (doppler) direction Ander. 
Let the field picked up by an antenna element in a stationary condition be 
e= Ey alnet = rf, 


where /, = frequency ci rf signal. 
When the antenna element is rotated by an angle ¢, this voltage is subject 
to a phase shift (29/A)* cos 6 from the origin and becomes 
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¢ = Ey sin( ot +5 7 cos ) (10-9) 


where A= v/Te 
But if is rotated at a uniform rate w, and 6 = et, then 


¢ = Bysin ( ut +S + con wat ) (10-10) 


If the rotating antenna output ia applied to a linear discriminator or 
phase detector so that the output 


az K cos wat 
where X is dependent on the circult constants, then 
de, /dt == 0 


when 6 = 0°, 180°, 360°, etc. 

Thervfore, the direction of arrival can be determined by observing when 
the doppler shift is elther zero (when the antenna {3 moving tangential to the 
equiphase lines) or when the doppler shift is a maximum (when the antenna 
is moving in ths direction to or from the signal source). 

In the case of continuous sampling of the output with a sinusoidal phase 
detactor, one has 


Do = sin = F COS wyh ) s= sin (2 coa wf) 


where the quantity R = (29/A)r is half the aperture In electrical radians. 
The phase-detector output yields a series of odd harmonics, since, using a 
new reference time, 


Dy = sin (Ruin ot) 
sz 2 [ Jy (R) cin «st + J,(R) sin Suryh a J,(R) sin Swit + ahs 
+. Jang (R) ain (2+ 1 erst Me eink | 


Analysis of this is found in Reference 26. Analyses of other cases for the 
sequential examination of the output of a mumber of antennas arranged on 
the circumference of a circle are found in References 27, 28, 29, and 30. 
When the sampling of the phase is by a step-by-step examination of the 
output of a series of antennas, the samplings may be considered as a square- 
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wave phase modulation of the signal; this process produces a nurnber of 
sidebands, the spectrum being reinted to the geometry of the sampling. 

Tc avold distortions due to the piase-detector characteristic, it has Seen 
proposed to coinpress ihe plikse changes by iaklng the cisterence in phase 
among several antennas (Reference 26). 

A doppler system using a rotating sempling antenna moved over the 
circumference of a circle of many wavelengths will encounter « aumber of 
phase-front distortions. The distance between the phase perturbations is 
determined by the angle between the direct algnal and the reflecting object, 
and the magnitude of the reflection. 

As the field is explored, the apparent equiphase front will move back and 
forth through the true phase front. An averaging process will tend toward 
an srror which approaches sero as the exploring path is made larger and 
larger. The residual error 6, can be shown to be approximately 


— 2 Es 
In = x tan E, 


where D = diameter of sampling circle in meters 
A == wavelength of signal in meters 
En = field due to reflecting object 
Eo = field due to direct signal 


There are a number of direction finders avaliable here and abroad utiliz- 
ing the doppler principle. The principls of cperation is simply to sequen- 
tially switch from element to element of the array and, after extracting the 
doppler modulation thus introduced, to compare this with a reference voltage 
synchronized with the antenna commutating rate. The phase of the doppler 
deviation with respect to the reference voltage indicates the direction of 
arrival, 

The various systems differ chiefly In the use of a mechanical or electronic 
commutation, frequency range covered, and the typ of Indication. 

The antenna arrays generally have from 12 to 30 dinoles lees than A/2 
apart and spaced equally around the circumference of a circle. Figure 10-51 
shows an antenna array of 30 dipoles operating in the uhf range. 

Figure 10-52 shows a block diagram of a system using electronic commuta- 
tion. This equipment uses a dual-channel, double-superheterodyne receiver 
with a common oscillator. One receiver section amplifies the sequentially 
switched DF antenna signal, while the other amplifies the auxiliary- or 
réference-antenna cutput. The second |-f outputs of the two channels are 
applied to a phase-comparison circuit, which extracts the bearing information 
and provides an input for the bearing display and Indicator unit. 
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Fro. 10-31. Wids-base-line doppler direction finders for vhf range using 30 dipoles. 
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F:c, 10-82, Doppler direction finder with i8 antennas operating in the vhf band using | 
diodes for commutation. 
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The phase-comparison circuit demodulates the DF phase-modulated signal 
by comparing It with the reference sigual fro the stationary aualiary aa- 
tenna, The low-frequency amplitude waveform thus produced is compared 
with 2 reference waveform of the sama frequency in the bearing resolver unit. 
The reference low-frequency wave is derived from the antenna switching 
cireulta, 

The voltage output of the beering resolver is proportional to the sine and 
cosine components of the bearing angle. These voltages are applied to a 
bearing display amplifier, where they are used to produce « strobe wave- 
form for the CRT indicator. 

Various antenna-switching arrangements are in use. Gaseous diodes, fired 
by a commutating pulse, semiconductor diodes, vacuum-tube gates, or 
mechanical conductive cr capacitive switches may be used to sequentially 
scan the various antonna elements. 

The scanning process may sequentially scan each antenna sround the 
circumference or ray be a comparison of the phase at threo or four adjacent 
antenna sectors; see the mechanical capecitive sampling procedure of Figure 
10-53. In this scheme the sequence in sampling the antennaz is as follows: 
b,3,.354..:&8,... 48 &.0.. 

This sequence produces 45 oscilla- 
tory scanning and results In a fre- ~ 
quency deviation dependent on the rE 
direction of arrival of the signal. This mai 
deviation Is greatest when the sampling 
sequence is at right angles to the 
equiphase contours, and zero when it 
is along a line of equal phase. 


Antenrra Me. 
i 





10.4.1 Phase Comparison Ty 

During the early part of World War Fis. ie). Capacitive commutating device 
11 a series cf phase-compariscn sys- using ‘Pilgrim's Pace” scanning acquence. 
tems were developed for the Navy which had designations of CXGL (300- 
1000 Mc), SRD-9 (225-400 Mc), and DBO (90-400 Mc). These equipments 
utilized four antenna sectors, each of which covered a quadrant. A block 
diagram of a phase-comparison sector type is shown in Figure 10-54. The 
sectors could be located independently of each other in positions best suited 
for covering the assigned azimuth sector. 

The information from the four sectors was fed sequentially, by means of 
a synchronously rotating capacitive commutator, to s receiver and indicator. 
Each of the four antenna assemblies consisted of a set of two identical an- 
tenna elements mounted ins cavity. A broadband antenna assembly for the 
C2.GL in the frequency range 300-1000 Mc is shown in Figure 10-55. A 
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Fio. 10-54. SRD-9 phase-comparison four-eector direction finder for 2725-400-AMc range. 
D = dummy antenna; A = active antenns. 


partition was placed between the two receiving elements, and ths array was 
covered with a radome to form a nearly flush antenna. In back of the ‘wo 
antenna elements were mounted two balance boxes for converting the antenna 
outputs from a balanced to an unbalanced line. 

The coniometer was a slotted transmission line type which inserted a 
differential phase shift in the individual antenna outputs, us shown in Figure 
10-12. The goniometer is deacribed in greater detali in Section 10-7. 

Figure 10-86 shows a schematic of one of the goniometer ard antenna- 
array combinations. The two antennas of the array are separated by a dis- 
tance 2d, and a signal originating at some distant point P is shown arriving 
at an angle 6 measured from the normal to the plane of the antennas. | 
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Fic. 10-55. Antenna array CXGL, 300-1000 Mc. Pnase-comparieon direction finder. 


Since the distance to the transmitter P is very large compared to 2d, then 
AP and CP are essentially paraliel and antenna $1 is 2d sin @ farther from 
point P than is antenna $2. The field at antenna $1 {s therefore retarded 
from that at antenna $2 by (2d(360°)/A] sin 6 electricz! degrees. With 
reference to the midpoint B, it is seen that the fleld A, at antenna $1 and the 
field EZ, at antenna #2 is given by 


E, =: Eet'”’ sin 6 
Ey = £¢€ ia? sin 0 


where E is a constant depending on the field strength and the antenna char- 
acteristics. 
A comparison of the relative phase between V; and V, can be used to 
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Fig. 10-85. Gonfometer and antenna array, @ =< displacement of voltmeter from 
center, in electrical degrees. 2¢ =< antenns spacing, In meters. d’ = d(360/A} == &n- 
tenna spacing, in clectrical degrecs. 


determine the direction of arrival 6. 
If there is mutual coupling between the two antennas, then 


Vy = ae (esi 6 + Met sin 6) 


and 





- 4. (e+ gin 6 + Me sin 6) 
where M is s complex quantity representing the coefficient of mutual coup- 
ling between the antennas. This quantity A¢ must be reduced to a amall 
quantity or made independent of @ In order to prevent error from this cause. 
The baffies Inserted In the antenna array (Figure 10-55) were used to 
reduce the mutual coupling between antennas. 
Figure i0-57 shows an antenna sector for the SRD-9 mounted on the 
U.S.S. Leyte. This equipment {s a phase-comparison system for the 225-400- 
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Fio. 10-57. An antenna sector of the SRD-9 phase-comparieon direction finders oper- 
ating in the frequency range 225-400 Mc. The two outelde antennas are dummiss used 
to reduce the error from mutual coupling betweer antenns elements. 


Mc range. The antenna elements are short broadband terminated V's which 
with thelz images In the ground plane form four miniature vertical rhombics. 
In this case, the manual coupling {s not reduced but made substantially 
independent of 6 by the use of the two outside antennas which are dummies 
and not connected to the system (Reference 31). 


10.4.2 Interferometers 

It is pointed out in Section 10.1 that all methods of direction finding 
utilize the phase of the field vectors. Some systems encode the phase cf the 
field vectors by transforming the phase relations a! two or more points into 
amplitude functions of the direction of arrival. Other methods compare the 
phase, by means of some instrumentation external to the antenna, of two 
or more poitts in space elther simultaneously or sequentially. 

Depending on the encoding process used in the collectors, some systems 
designated as interferometers are more properly classified as amplitude com- 
parison metheds. The Wuilenweber and MUSA systems, while displaying 
sharp directivity patterns, are strictly phase-comparison systems. 

The jatter wide-aperture types were Included for convenience in Section 
10.3. 
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There are a number of directlon-finding techniques which are cailed Inter- 
ferometer or diffraction-grating mathods. The CXGL, a sequential phase 
comparison D¥ (Figure 10-36), may be regarded as a diffraction-grating type 
with each antenna being & secondary source so that the position of the first- 
order spectrum determines the direction of arrival. If the spacing 2d between 
secondary sources antenna #1 end antenna $2 ia of the order of 125 elec- 
trical degrees or ‘ess for the highest frequency being received, then, for up- 
proximately a quadrant, only one null in the interference pattern will be 
encountered. 

The two-antesna Interferometer is by classificution a sequential amplitude 
method and hes been described In Section 10.3 in connection with reconnala- 
sance set ASQ-18. In this method a multilobs pattern is generated by 
combining the outputs of ¢wo antennas separated by many wavelengths. 
Each antenna has enough directivity so that edjacent iches on the multilebe 
pattern have noticeably different amplitudes and, as e source aweens through 
the muliilobe pattern, smbiguities can be resolved by identifying the lobe 
producing the maximum signal. 

Various methods of shifting or rotat!ng the lobes by the use of phase 
shifters for large base-line interferometers have been devised. These methods 
are directed toward separating discrete sources of signal from distributed 
sources, a problem often encountered in radio astronomy. This, in direction- 
finding prectice, is equivalent. to separating a signal from extraneous signals 
in a site where there ere no large reflecting objects but rather a large number 
of small reflectors. Artifices such as phase switching, and rotating-lobe inter- 
ferometer techniques are directed toward using more thoroughly the informa- 
tion concerning the field vectors available at the antennas. These methods 
are discussed under error-reducing techniques, in Section 10.9. 

Postdetectiun correlation used in interferometer techniques iz discussed 
under time-diference methods (Section 10.5) since they Involve the measure- 
ment of the relative mhases of components within the acceptance band. This 
is equivalent to determining suitable reference points on the envelope of the 
detected signal. 


16.8 Time-Difference Scanning Methode 

The phase-comparison systems described in Section 10.4 depend on the 
measurement of the rf phase of a signal 7 at antenna $1 as compared with 
the phase of the same signul at an antenna #2 close by (Figure 10-56). If the 
spacing of the antennas 2d exceeds A/2, then an ambigulty will be encoun- 
tered, since the same phase relation will exist for more than one angle of 
arrival. While larger spacings can be used, a method of resolving the am- 
biguities must be provided. In the Consol system of navigation (the Sonne 
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syatem used by the Germans in World War II) the ambigulty is resolved by 
an auxiliary low-accusacy direction finder (Reference 32). 

When the structure of the signa! is controllabie, as in the case of naviga- 
tlona! signals from a beacon or range, the resolution is relatively simple. For 
the case of an unmodulsted signal whose azimuth is required from a direc- 
tion-finder station, the phase of the signal repeats itseli every cycle, sc that, 
as indicated above, for large spacing of the antennas It Is not knowa whether 
the values of phaze being compared pertain to the same or to different cycles. 
In order to avold ambiguities the ineasuremente should be confined to the 
same cycle. A cycle of convenient duration may be obtained by providing a 
signal of frequency /, adjacent to /; and ut!ising the modulation component 
of frequency {; — fs. In this case the signel consists of twe rf components 
and its phase reference 1s obtained at the beginning of each (/; — fa) cycle. 
Such reference is then taken at the Instant at which both signals cross the 
time axis simultanecusly. The ambiguities which exist fer large antenna 
spacings can then be resolved since the total number of cycles between two 
successive simultaneor's zero crosaings is known and the phase-comparison 
measurement can be determined. 

In an amplitude-modulated signal the phase of the sidebands with regard 
to a carrier produces an envelope change. For a pulsed signal, the relative 
phases of the rf components produce the amplitvle changes. Therefore, a 
means is available for resolving the phase ambiguities inherent in « phase 
comparison systern with wide antenna spacing. The ability to estabiish a 
reference from the envelope is determined by the bandwidth of the trans- 
mission, the signal-to-noise ratio, and the smearing of the envelope caused by 
propagation scintillation effects. The usual signal has a retio of 2 A8//, less 
than or equa! to 0.1, where /, is the spectral density point of maximum 
power and AB is the bandwidth measured from /, tc either half-power 
point. Thus, {f the highest (/v) and the lowest (/2) frequency components 
in the transmission can be filtered out and thelr relative phases measured by 
the determination of the common zero crossing points, a phass reference can 
be obtained every 1/2 AB seconda or (150 & 10°)/AB meters. 

The stability of the transmitter, the characteristics of the propagation 
path, and the duration of the signal determine the amount of filtering that 
can be applied to the separation of fy and f,. The filtering will, in turn, 
determine, In the presence of noise, the prebability of resolving the zero 
crossing to a given accuracy (Reierences 33, 34). Since the filtering of defi- 
nite portions of the transmission is generaliy impractical, it is customary to 
detect and estcblish the signal envelope at each of two locations and deter- 
mine the corresponding difference in time of arrival from an examination of 
the two envelopes. 
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This process, which uses two recelving stationa with wide separations to 
determine the line on which the transmitter is located, is the reverce of the 
loran syetem of navigation In which two synchronized and known transmit- 
ters and a single receiver are used to determine the locus of tha receiving 
point. The DF technique is consequently often referred to ae the inverse 
loran system, 

If tha distance between recelving points is small and about 0.01 or less of 
the distance to the transmitter, the geometry will be as shown in Figure 
10-19. 

The inverse loran methods can be ciassified into two categories depending 
on whether the systen is @ sequential, thet is, a scarning, method, or an 
instantaneous, absolute method. The first of these will be discussed here; the 
instantaneous type wiil be covered in Secticn 10.6. 

A system of direction finding based cn 
a sequential examination of delay to de- 
termine the diflerence In time of srriva! 
of a signal at two spaced antenna errays 
is shown In Figure 10-58. 

Two antenna arrays are separated by 
an approximate distance 


d= v/AB 


where AB is postdetection fitter band- 
width and v Is the velocity of light. 

Each antenna is connected to a receiver 
tuned to the desired signal. After detec- 
tion and filtering, the output of one filter 
F, is delayed by an adjustable amcunt 
and fed into a correlator. The output of 
each filter is fed into the other /nput of 
the correlator. The output of each filter 
is also rectified end filtered to obtain the 
rms values V, and Vy, respectively. These 
rms values are multiplied together and 
the result is utilized to normalize the cor- 
relator output. The quantity 


K= $13/V; Vy 





Wid. 10-66, “Posvdelaetce acrrelator dip 1 called the normalized correlation co- 
rectlon finder. efficient. 
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The delay + ls now adjusted until K is a maximum. This delay ras {s 
the latency in time of errival of the signal at one antenna with respect to 
the other. 

The correlator is described more fully under instrumentation !n Section 
10.7. 

A second DF techalque used on wideband signals such as radar pulses 
fs shown In Figure 10-39. Antennas $1 and $2 are cach connected to a crys- 

tal detector followed by a video ampli- 
— fier, The output of each crystal video 
| recelver fs connected to a delay line. 
The vertical plates of a cathode-ray 
oscilloscope are connected to a switch 
which selects various taps on a delay 
line, and the horizontal plates of the 
oscilloscope are connected to zelect the 
taps on the other delay line. These con- 
nections are sequential so as to in- 
crease the delay for the signal from 
one antenna as the delay for the signal 
from the other is decreased. The taps 
sclected yield the closest in-phase con- 
figuration for the Lissajous figure on 
the oscilloscope face. 

Figure 10-60 shows some figures ob- 

tained with this technique. 


10.6 Inatentaneous Types 

In order to obtain a bearing on a 
signal which is of short duration it js 
desirable to use DF techniquee which 
will yield » bearing in the same time 
Fi. 10-59. Crystal-video Inverse lorandi- interya} required for the detection of 

rection-finding technique. the signal. 

Direction finders which accomplish this are called instantaneous types. 
Rapid-scanning techniques are not included In this category since such 
techniques result in a wider bandwidth requirement and therefore iu a dete- 
rloration of siznail-to-nolse ratio. 





10.6.1 Instantancouse Comparison of Amplitude 

The instantaneous comparison of the amplitude of a signa! from the two 
pairs of antennas forming an Adcock array may be used to determine the 
direction of arrival, The output from each Adcock pair {s fed to separate re- 
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Fic, 10-60. Lissajous figures for delay Une, inverss loran systema; 100-foot base line 
egasinat X-band radar. 

celvers. The output of one recelver !s appiled to one eet of defiection plates 

of a cathode-ray-tube Indicator and the output of the other recolver to the 

other set of deflection plates. The slope of the !n-phase Lissajous figure 

indicates the direction of arrival of the signal. 

Quadrant Identification must be obtained from a measurement of the 
relative rf phases of the antenna outputs or from a separate “sense” antenna. 
Often a third recelver is used for this purpose, the output of which is com- 
bined with the output of the two main-channel recelvers at !-f. 

Since in systems of this type the amplitude comparison is on an Iinstant- 
to-iinstant basis, any distortions of waveform due to phase shift in the rf 
or video circults will produce an error. An asymmetrical amplification of side- 
bands will also result In a bearing error. 

The design of balanced receivers provides for stage-cy-stage equalization 
with ganged controls and paralleled trimming auxiliaries. Frequent call- 
bration is necessary since It is difficult to maintain equal receiver performance 
over cyclical temperature and hurnidity changes. Vibration being considered 
as an unreasonable complication, equipments with such balanced receivers 
are not designed for mobile use. 
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A DF system in which there is a comparison of the signals received 
simultaneously by two or more antenna srraye baving substantially ortho- 
gonal directive patterns mey be classified as an instantaneous amplitude- 
comparison type. 

Such a aystem with carefully balanced receivers was used by Watson- 
Watt and Herd (Reference 25) for obtaining instantaneous bearings on elec- 
tromagnetic radio sources of atmospheric crigin. 

A system using « four-element Adcock array is shown In Figure 10-6i. 





dnt ces 


Fro. 10-61. Direction-finding system using a four-element Adcock array. In the antenna 
polar pattern, @ == the angle between ths azirauth of directlon of arrival and « line 
perpendicular to the I'ne Joining the two antennas. 


Each of the opposite pairs of the elevated H array is connected to a receiver, 
the N-S pair being connected to receiver #1 and the E-W pair to receiver #2. 
The receivers must have a gain for weak signais of about 160 db, and must 
maintals this equality of gain for various signal levels and at all frequencies 
within the tuning range. 

An instantaneous type of DF equipment using crossed loops ts shown in 
Figure 10-62. This equipment, designated as the AN,/TRD-7, covers the 
60-300-Mc range and was intended primarily for the iocation of jammers 
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FG, 10-62. Directlon-finding uslag crossed loops. 


operating against radio-fuzed weapons. The frequency range is covered in 
two bands, 6-150 Mc, and 150-300 Mc. A central sense antenna provides 
a signa! which, when amplified and combined st i-f with elther of the two 
similarly amplified outputs of the loops, produces a cardiold pattern. The 
quadrant in which the signal originated can thus be identified. 

The military did net uso many of these equipments because of the un- 
usually high skill required by fleld personnel to keep them in operating 
condition. Typical field tests showed that elaborate aligning procedures had 
to be repeated at intervals of jess than one hour in order to obtain useful 
performance. 

An alternative method of amplifying the signals from the orthogonal-pat- 
tern entenna arrays is to identify each signal Ey a characteristic modulation 
and then employ a common recelver for all channels, This inethod is com- 
raonly called the single-recelver system. 

The single-receiver system is particularly applicable to the uaual ampli- 
tude-modulated communication-type signals. Although the single-receiver 
system will, in general, be more susceptible to error when more than one 
signal is being recelved at one time, ita stability and reliability more then 
maxe up for this deficiency. 

Deliberate jamming, however, may cause considerable diffculty with the 
aingle-receiver system, and the instantaneous feature of the system may not 
be worth the loss of a certain amount of immunity to jamming. 
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The method of Identifying thc slgnal which {s fed from each of the two 
Adcock pairs may be accomplished [n a variety of ways. 

In one system (Reference 36) each of the signals from the Adcock pairs is 

ulated by a separate audio-frequency while the center or omnidirectional 
antenna is modulated by a third audio-frequency. After amplification and 
detection, the three audio components are separated by three filters. The 
audio-frequencies which were used to modulate the directional elements are 
translated to the same frequency as the third or omnidirectional modulating 
signal. 

The two directional components may be used, by arranging them in time 
quadrature, in generating a propeller pattern on an oscilloscope acrecn. The 
component from the omnidirectional antenna may be added, with a phase 
adjustment, to the quadrature voltages to produce an asymmetry and resolve 
the 180° ambigulty. 

A version of the single receiver aystem using two audio modulating {re- 
quencies has been uzed to impreve the indication by making the rectified 
carrier level substantially independent of azimuth. In this modifed system 
(Reference 37) the output of each directional pair is modulated by a dif- 
ferent audio-frequency by means of a balanced modulator. Tine carrier is 
suppressed by the modulators and restored after amplification by the addition 
of the signal, propecly phased, from the omnidirectional center element. 

The outpu? of the receiver consists of two audio-frequency components 
whose relative amplitude is a function of the bearing of the signal. 

A further medlfication of the two-tone system led to the use of sine and 
cosine components of a single audio tone. The phase of the audio tone, after 
amplification, demodulation, and filtering, is then a measure of the direction 
of arrive! of the signal, The bearing Is obtained by comparing the phase of 
the filter output with the modulating audio-oacillator, after suitable calibra- 
tion. The system is similar to the instrumentation proposed and used in the 
quadrature-fleld goniometer (References 38, 39). 

Although the use of the orthogonal functions of a aingle frequency is more 
economical of channel capacity, nevertheleas, if phase shifts ere encountered 
in the receiver, producing a phase change in the modulation frequency, an 
error equal to that phase change {s encountered for all directions of arrival. 
The use of two frequencies, on the other hand, produces an error of quad- 
rantal iorm which is zero for the four quadrature directions and of the form 


Gyn == (cos 26)(1 — cos a) 


where a is the modulation envelope nhuse shift, and @ is the true bearing of 
the signal. 

A single receiver, selective modulation, instantaneous Adcock DF sys- 
tem is shown i bleck diagram form in Figure 10-63. The output of 
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Fic. 10-63. Instantaneous Adcock DF cysts useing a singie receiver with selective 
modulation. 


each of the two diametrically opposed pairs E-W and N-S is connected 
to the E-W and N-S balanced modulators, respectively. The output of 
the center or omnidirectional! antenna je amplified and combined to furnish 
an asimuth independent carrier In place of the suppressed cazricra In the 
cutput of the modulators. The combined signal is then emplified, demodu- 
lated, and filtered by the receiver. The output of the receiver is amplified by 
an audio arapiifier and connected to the signal coll of the DF indicator. 

A pair of fixed space-quadrature field colls !s provided !n the Indicator, 
the N-S palr being excited by a current 4, from oscillator /, and the E-W 
by a curreat éy from th. oscillator fs. 

The in-phase comrunents of each frequency exert torques in space quadra- 
ture 20 that the pointer assumes a position at which the average value of 
these torques is zero. 

With a system of this kind the instrumental accuracy (neglecting siting 
and polarization errors) can be such as to produce errors of less than +4° 
at the least favorable frequency and azimuth poaslticns. Of this, approxi- 
mately half of the error is of quadrantal nature and with some jabor at proper 
calibration caa be reduced substantially. 


10.6.2 “Wide-Open” Systems 

For fixing the location of radar signal sources, it Is often necessary to 
employ special techniques. The signels under these conditions are pulsed, 
short-duration bursts, modulated from pulse to pulse by the antenna rotation, 
and may have the additional feature of pulse-to-pulse frequency shift. 

The range of a radar set {3 given by the almple relation: 


Ry = 0,1146(KPp) 4 


where K is a constant depending on a large number of factors including pulse 
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width, wavelength, effective target area, losses, and entensa gain, while Pp 
is the peak transmitter power, 

Since the range within which the detection and DF operations can be per- 
formed {s a function of the square root of Pp, less sensitive receivers may be 
used for these operations than for the radar function. 

A wideband crysts! video receiver fs generally adequate for Mne-of-sight 
airborne intercepts aga “s. round radars at altitudes up to about 40,000 feet. 

For longer ranges, encountered at higher altitudes or when Interception [s 
necessary o£ weak minor lobes, an rf amplifier, usually using a TWT, is 
interposed ahead of the crysta! for increased sensitivity. 

A crystal video amplifier is shown !n Figure 10-64. 





Fio. 10-64, AN/A8Q-25 crystal video amplifer and count-down unit. 


Since crystal video receivers can be made sinall and compact, it is possible 
to design Instantaneous types of direction finders using a number of such 
receivers each of which is associated with a horn or other directive antenna. 

The antenna need not be centrally located but can be piaced at convenient 
positions on the Lerlphery of the vehicle or platform so as to view a relatively 
unobstructed sector, 

An instantaneous amplitude-comparison system of this type may have a 
completely separates channel for each antenna sector cr, since the duty cycles 
cf pulsed radar transmissions are low, after preliminecy amplification, the 
outputs of each horn may be sequeniially amplified by Introducing a different 
delay for each output. 
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Fico. 20-63. Slraplified block diagram for one-third of an AN/APD-4 system. 
(CONFIDENTIAL) 


Figure 10-65 shows a simplified block diagram of an operational instan- 
taneous direction finder, the AN/APD-4, operating in the frequency range 
1000 to 33,000 Mc. This frequency range is covered in three bands. 

The equipment uses twelve horn antennas for each of the three frequency 
bands. Each horn antenna has associated with it two probes, one for vertical 
and the other for horizontal polarization. Each probe is connected to a pre- 
amplifier to bring the level above the noise level of the subsequent amplifiers 
by an amount equal to or greater than the losn tn the delay tines which fol- 
low it. 

In order to avoid having to provide a complete amplifier including a high- 
level output stage with each horn output, a delay line {s provided which in- 
troduces an incrementally greater delay in each successive antenna output. 
The result is to produce, from a single nulse signal, a series of pulses sequen- 
tially staggered in time which can then be fed through a single a:nplifier. 

The signal is displayed on a cathode-ray tube and recorded photographi- 
cally, as shown in Figure 10-66. 

The display is arranged so that a singie pulse produces, as a first signal, 
a superimposed output of ‘he horizontally polarized component outputs of 
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Fic, 10-66. Recorded display of AN/APD-4 wide-open intercept system. Clock, signal 
heading, data card, and gyrosyn flashed on every 10 seconds. (CONFIDENTIAL) 


all the antennas. 7. vecond signal, moving from left to right on a horizontal 
aweep, is the summed output of the vertically polarized signal components. 
The succeeding signal, in terms of Increasing delays, represents the output, 
to the same pulse, of the various horns. 

The direction of arrival of the signal {s given by the position of the 
maximum of the envelope representing the various antenna outputs. 

Since the directive pattern of each antenne sharpens with Increasing 
frequency, the width of the envelope is a measure of the rf of the signal, 
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A second gun in the cathode-ray tube is Intensity modulated by the signal 
and produces a series of dots as shown !n the diaplay, Indicating the pulse- 
repetition rate. 

From the dieplay, therefore, the direction of arriva), pulse shape, polariza- 
tlon, approximate rf, pulse-repetition ratc, antenna pattern, and antenna 
rotational rate may be observed. 

Figure 10-67 shows such an instantaneovs DF equipment installed in an 





Fo. 10-67, Wide-open intercepting system installed i nan RB-§0 aircraft. 


RB-5O aircraft. The antennas are located at the wing tips co as te be as free 
aa possible from errors due to reflection from the aircraft surfaces. 

The various wide-open intercept and DF techniques operating In the 
microwave region use, In the main, either horns or Luneberg lens configura- 
tions for azimuth resolution. The essential difference is in the methcd of 
signal processing. The AN/APD-4, as indicated above, uses a wideband 
photographic recording with the signal proceszing relegated for subsequent 
ground analysis. 

The AN/DLD-! equipment {s a wide-open system also using crystas video 
recelvers, and covering the frequency range 1-40 kMc. Luneberg lenses 
similar to that showr in Figure 10-49 are used in this equipment for the 
1-9.1 kMc frequency band and an array of fifteen horns for the 9.1-40 kKMc 
band. The AN/DLD-1 antennas or probes in the Luneberg lens channelize 
the azimuthal plane into fifteen sectors, The output of each sector antenna 
or probe is detected by a crystal detector. The resultant fifteen video outputs 
ure fed into a simple analyzer which compares the outputs of adjacent chan- 
nels. If w pulse fc predominantly received in a single sector, the direction of 
arrival is specified as the direction of the sector orientation. The direction 
of arrival is recorded under these conditions as belng within +6° of the 
center of the sector. If pulses are recelved on two adjacent sectors and their 
amplitudes are judged equal within some design limlt such as +3 dh, then 
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the direction of arrival Is recorded as that corresponding to the angie which 
lies between the adjacent sectors and with'n =: 6° of this value. 

Thus, by arithmetic operations on the relative Intensity of the signals 
detected in the original fifteen directional antennas, thirty directions of ar- 
rival are deduced and zach Incoming signe! {s recorded as having one of 
these thirty directions. 


10.6.3 Inetantancous Comparizon of Phase 

The Ine of direction cf a transmitter may be found without scanning by 
comparing, on an instantaneous basis, che phase at two or more points, pro- 
vided that the sampling points are sufficiently close to avold ambiguities. 
Figure 10-68 shows a diagram of a “sum-and-difference’ DF. If the rf Is 
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Fio. 10-68. Instantaneous comparison of phase. 


not known accurately but sufficiently well to establish that the sampling 
points are closer than A/2 apart, then the absolute value of the sum of the 
field at points 4 and B Is: 
ea 
cos es sin 6 Y 


This sum is available at the $! terminal of an Alford bridge. The difference 
is available at terminal #2 by means of the crossover or phase reversai 
marked by an X in an arm of the bridge. The absolute value of this dif- 


ference Is: 
sin (= sin 6 ) 
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Taking the ratio of the sum and difference: 


Vy | wd 
re = tan ( : ain 0) 





10-80 ELECTRONIC COUNTERMEASURES 
or the angle of arrival is 
— “4 a “4 Vp 
6 = alr a= 7) 


‘che dizection of arrival can of course be obtained by eny number of 
sampling points judiciously gelected sc as to avoid ambiguities and aleo the 
necessity for knowing « priori the frequency of the signal. In the idea! case, 
some of this information would be redundant for determining the direction 
of arrival if the frequency is known. Many Interesting schemes can be 
devised, particularly when phase-perturbing influences are present and their 
sfiect is to be minimized, 


10.7 Measurement Techniquse—-Gonlometers 

The antennas asscclated with a direction finder may be considered, as 
previously indicated, to be exploration or sampling points in space. The 
output signals from these antennas are connected to a device which combines 
them sc az to yield a signal parameter which varies with the direction of the 
signal source. If the device combines or encodes the outputs sequentially 
and with different arrangements of phase, amplitude, or delay so as to 
produce an output which Is characteristic and dependent on the direction of 
arrival, it is called a radio goniometer. 

A goniometer for use with crossed loops In the Bellini-Tosl arrangement 
is shown in Figure 10-69. 





Fro, 10-69. Principle of the inductive goniomeier. 


It is assumed that the geomeiric center of the antenna array ic the phase 
reference for the system; that {s, the phase of the rf at the output of each 
loop is ths 3ame as would have existed at the common vertical axis for the 
loops. 
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A further essumption is rade that the niovable coll of the goniometer 
does not disturb the distribution of flux from either stationary coll for any 
position. 

To rigorously meet these conditions over « wide band of frequencies end 
without elaborate compensation, the antenna trould bave to extract negligible 
power irom the field; similarly, the goniometer moving coll could not load 
or absorb power from the stationary colis, 

With these and other simplifying conditions, each loop, or in the case of 
an Adcock system, each peir of antennas, produces a figure-eight pattern, the 
two figure-elght patterns being in space quadrature. 

The currents J43 and J4,9; in the stationary coils of the goniometer are 
assumed to be proportional to theze of the corresponding antennas A, B and 
A,B;. Hence: 


Tan == Lyaz COB 8 
Tain = Fae sin 9 


where @ is the angle of errival of the signal with respect to the plane of the 
AB loop or antenna pair. 
Tha field colls sre arranged in space quadrature with each other; there- 
ore, the current /, induced in the rotating goniometer coll is, in view of the 
simplifying assumptions made above: 


Ta(lan -h flaia1) 02 max (Cos 6 coe & -+ j aln 6 mn A) 


where f is the angie of the rotating coll with respect to the plane of the AB 
loop or antenna palr. The current has a maximum value /me, when 6 = 8. 

The movable coll of the goniometer is therefore rctated for either s max!- 
mum or minimum output in order to determine the direction cf arrival of the 
signal, the minimum occurring 90° off the maximum, that Is, where cos 6 = 
ein 2. 

Figure 10-70 ia a view of an inductive goniometer for the frequency range 
2 to 8 Mc. The coil in the center of the she Is the ourput device for coup- 
ling to the receiver input. 

The goniometer may be designed to utilize capacitance for the coupling 
between the fixed branches and the movable pickup element. Such a goniom- 
eter may consist of two palrs of fixed plates at right angles to each other, 
as shown in Figure 10-71. The two movable plates Ca—-Cy are connected to 
the input of a receiver. 

Many precautions must be taken to avold fringing and variations In the 
pickup output as the device is rotated. The capacitive coupling !s often re- 
duced to a minimum or swamped by larger fixed shunt capacitance in order 
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Fio, 10-71. Capacitive goniometer used with Adcock collectors. 


to prevent modulation of the signal in other than a fundamental sinusoidal 
manner. 

Figure 10-72 shows a capacitive goniometer for operation in the frequency 
band 100 to 160 Mc. Capacitive coupling is also used to couple from the 
movable rotor plates to the fixed outpu’: terminals which connect to the re- 
celver. The capacitance is obtained by concentric cylinders, properiy shaped. 
Often the goniometer {s intentionally designed to employ both inductive and 
capacitive coupling. In this manner the operation Js made reasonably efficient 
over a wider frequency band. 

Gonlometers using transmission tines can be designed for use with sequen- 
tlai-phase-comparison types such as that shown in Figure 10-56. 
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Fio, 10-73. Transmission-line goniometer for sequential-phase directlon finder (30v- 
1000 Sic), 


A goniometer of this type is shown in Figure 10-75 for the frequency ranges 
300 to 1000 Mc. The design of such « goniometer is an Interesting problem. 
Transition sections must be provided at positions where the geometrical con- 
figurations change, so as to avoll fringing and distortions of the field and 
thus Introduce discontinulties and refiections. 

The goniometer consists of two circular transmission lines slotted to permit 
tight coupling to a pair of capacitive probes. Each transmissior: line Is fed 
by an antenna and terminated by its characteristic Impedance. The trans- 
mission lines are arranged 30 as to be fed at opposite ends, so that a move- 
ment of the probe in one direction will Introduce a differential phase shift 
between the two line Inputs, that /s, a positive phase shift in one line, and a 
negative phase shift in ths other, 

The capacitive probes are conneci.d to a avarter-wave balun which 
measures the difference in phase at each probe point. The balun outside con- 
ductor is made as smail as potsitle so that its impedance with respect to the 
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surrounding cavity {s as high as possible in order to minimize loading at the 
null point over as wide a frequency range as possibie, For the balun shown 
in Figure 10-73, ailver surgical tubing was used as the outside conductor and 
an Insulated wire a few mils in diameter inserted as an inner conductor. 

The power extracted by the probe becomes a minimum when the equi- 
phase positions are found, so that the device, when operated as a null indi- 
cating goniometer, introduces an error of loss than 1°, 

Gonlometers have been made for the lower frequency ranges (225 to 400 
Mc) having errors, at the null position, of less than 1°. Such a goniometer, 
rotatable at 1600 rpm, is shown in Figure 10-74. Four goniometers of this 
type are used with the phase-comparison DF previously shown in the block 
diagram of Figure 10-54 and !n the photograph of Figure 10-57. 

Gonlometers using gaseous plasina have been used at the microwave region. 
Figure 10-75 shows a phase-comparizon goniometer for use et X-band. The 


Frio. 10-74, Tonized- Fro. 10-75, lonized-gas goniometer for sequentlal-phase dires- 
gas goniometer for tion finder (variable d-c applied through terminals A and B). 
sequential-phase di- 
rectlon finder (225- 

400 Mc). 


phase velocity of the algnal in the waveguides is varied by varying the lon- 
izing current. 
An icnized cas contains free electrons, and the presence of these electrons 


et 
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changes the phase velocity of an electromagnetic wave passing through the 
medium. See Section 10.2. 

The phase velecity of the wave in the guide is increased by a factor de- 
pendent on the number of electrons per unit volume and as an inverse func- 
tion of the frequency of the signal. 

If two waveguides, each connected to a horn, are in turn brought together 
with 2 180° differential electrical length in one guide, then a null fa obtalned 
at a probe located at the junction. 

When 2n fonized gaseous atmosphere is provided in one waveguide of the 
configuration, the nhase velocity is Increased {mn that arm. The null of the 
combined antenns ruit’ern is thus shifted in the direction of the guide con- 
taining the fonized msowum. 
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Fio 10-76. Characteristics of neon-loaded waveguide (RG-S2/¥), 18 Inches long. Fre- 
quency == 9540 Me, 


Figure 10-76 shows the characteristics of a neot-loaded RG-52/V wave- 
guide. By varying the ionizing current, a phese shift can be produced which 
causes the null of the combined antenna pattern to shift. A pericd movement 
of the pattern can be obtained by a periodic variation of the lonixing cur- 
rent, and thus a sector-scanning phase-comparison direction finder can be 
assembled. 
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To obtain high scanning speeds, clectronegative gases are introduced Into 
the neon tube contained within the guide. These gases cause a more rapid 
recombination of the fons and electrons and thus heoten the delanizing pro- 
cess. 

At radio frequencies where traveling-wave tubes are practical, a suitable 
phase-comparison goniometer may be made by substituting a TWT ampil- 
fier for each waveguide, as ehown {n Figure 10-77. 

The phase shift In each traveling- 

—_—— wave tube is, within limits, substantially 
ne —— linear with beam current. By applying 
a an alternating voltage in push-pull 
. fashion to the collector elements, a dif- 
\ 4] \9/ ferential phage shift can be introduced 
“3 n in the rf outputs from the horns 4 and 

B. The result fs thet the null in the 

antenna pattern is caused te mcve in 
~ azimuth. The output of the goniometer 

fa connected to a receiver and then ap- 
plied to a suitable indicator. 
At 3000 Mc, differential phase shifts 
} of over 1000° can be obtained with 
| ; such arrangements. Since under such 
val 












conditions there is a variation of gain of 
from § to 10 db per arm, it is better to 
operate on the nuli rather than a maxi- 
mum of the recultant antenna pattern. 





18.8 Display Techniques 

To determine the direction of arrival 
of a signal, a means must be provided 
for the observer to determine how the 
signal is belng modified by the direc- 
tion characteristics of the antenna array. Thus, in direction finders using a 
sequential amplitude-comparison method such as the rotation of a loop, the 
earllest methods used to provide an aural indication to the observer wera by 
means of a headset. In the event the signal had no audible moduiation, a 
local oscillator waa provided and so adjusted as to produce an audible beat 
frequency with the carrier of the incoming signal. Aural methods are useful 
when the signal is of sufficiently long duration to permit a careful determina- 
tion of the null and when the signal-to-noise ratio Is high. If a iocal osci)- 
lator is used, the audible frequency Is best adjusted to fall between 1000 and 
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Fio. 10-77, Traveling-wave-tubs gonio- 
meter. 
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6000 cycles. In this frequency region, the minimum audible field averages 
about 55 db below ! dyne per square centimeter of sound pressure. The ear 
is able to selectively perceive a steady tone in a high ambient noise back- 
ground since nolse disturbances falling outside of a frequency area close to 
the steady frequency do not Interfere with the perception of the tone. Indeed, 
{t is difficult to develop an electronic instrumentaticr 7° ‘ch approaches the 
sensitivity and has she signal-to-noise enhancement ;.%cesses found in the 
hurrsn auditory system. 

‘| systems ere also used with the beam-switching types of direction 
haw..s, One such application is the direction finder In which a cardiold is 
flipped through 180° go that its minimum becomes a maximum. This switch- 
ing can be done at such a rate that the pattern js in one position during the 
‘‘on” times of the character A in the Morse code and on the other side during 
the “on” times of the Morse character V. When the switch-lobe direction 
finder is manually rotated so that the axis about which the lobes are switched 
is pointing toward the transmitter, the intensities of the A and the NV charac- 
tera become equal and the resultant Interlock produces a steady tone. This 
system Ja particularly useful on a steady signal when the nolze background is 
high and the lobes being switched have their maximum sharpness (rate 
of change of pattern with azimi.th) along the Interlock direction. This {s 
generally the case when endfire types of antenna arrays are being used 

Many other interesting methods of indication can be devised using aural 
indication. However, care must be exercised to utilize to best advontage the 
physlo-psychological attributes of the human auditory aystem (Ref.ience 40). 

The use of a meter which reads the signal level at the output of a DF 
ricelver can be used to determine a null position of the receiving antenna 

y: By smoothing out the input to the meter, rapid fluctuations cue to 
¢ <rancous nolse are filtered out. In the manually operated switched-lobe 
direction finder, the meter may be madé to read plus or minus from a zero 
position and thus Indicate in which direction the antenna array must be 
rotated to approach the null position. 

In the automatic direction finder, as Introduced by Busignies (Reference 
59), a goniometer is generally rotated at a constant speed by a synchronous 
motor. The goniometer shaft also drives a permanent magnet alternator for 
the usual closely spaced Adcock antenna arrays. The output of the gonio- 
meter is a sinusoidally modulated signal. The modulated sine wave has a 
frequency equal to the rate at which the goniometer is being rotated and is 
therefore at the same frequency as the signal generated by the permanent 
magnet alternator, The relative phase of the alternator signal to that of the 
gonlometer-modulated signal Indicates the direction of arrival. Normally, the 
goniometer {s rotated at 1500 rpm; the receiver output will therefore be 
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modulated at a 30-cycle rate. This 30-cycle wave is filtered and appiled to a 
phase-cumparison device where the phase of this filtered 30-cycle wave is 
compared with the 20-cycle wave generated by the permanent magnet alter- 
nator rigidiv coupled and rotated synchronously with the goniometer shaft. 

The phage-comparison device may be one of many types. If the *\ternator 
output signal is passed through a phase-shifting network, then the phase- 
shifted 30-cycle frequency and the recelver-filtered output can be applied tu 
the two Inputs of a wattmeter type indicator. The phase shifter is then 
varied until the wattmeter output /s a maximum: The reading of the phase 
shifter for this condition indicates the direction of arrival of the signal, This 
system is shown schematically in Figure 10-78. 





Wetimets 


Feo, 10-78. Wattmeter used with gonlometer as indicator. 


Other phase-comparison methods may be seadily devised. A stroboscopic 
method |s used In the Type 14 direction finder, as shown in Figure 10-79. In 
this direction finder, the receiver output, after having been filtered, is clipped 
and differentiated so as to mark the zero croasing of the wave. The peaked 
signal which resuits Is amplified and applied to a spiral neon lamp located 
behind a frosted glass dial face. Between the spiral neon lamp and the frosted 
glass is a disk with a radial slot, driven by a motor synchronized with the 
goniometer rotation. In operation, a radial filumination is seen on the dial 
face, Indicating the direction of arrival of the signal. 

The cathode-ray tube has a number of advantages when used as an indi- 
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cetor. (1) It is a wideband device; (2) it is a storage medium with a short 
time memory; (3) !t permits the mapping of a signal so as to utilize the 
physlopsychological optical attributes of the observer; that is, the display 
may be tailored to provide a favored signal for pattern-recegnition purposes. 
The cathode-ray tube has been used as an Indicator for many years, but few 
of the systems have utilized all of the threo factors noted above. In one of the 
earliest applications of the cathode-ray tube, it was used as an Indicator 
device with the Watson-Watt Instantaneous smplitude-comparison method 
already deacribed. The cathode-ray Indicator wa. subsequentiy used by other 
equipment manufacturers to compare the output cf space-quadrature antenna 
patterns. In one form, a loop was rotated at 1800 rpm. The motor which 
rotated the loop also drove an alternator synchronously with the loep rota- 
tion. The alternator in this case was a two-phase type producing a sine and 
a cosine voltage. These iwc voltages were applied to the vertical and hori- 
zontal plates of # cathode-ray tube, respectively, so as to produce a circular 
pattern. The amplitude of the sine and ¢ ‘ne voltages was snodulated by 
the output of the recelver connected to the. ating antenna. Jn this manner, 
the spot moved jn and outward from the center in conformity with the re- 
celver output, producing a propeller pattern, as shown In Figure 10-80. The 
Operator could, by using such a display, select the bearings associated with 
the strong signal portion of a fluctuating bearing and thus obtain more ac- 
curate Indications. 

Many other types of indicators have been devised, both mechanical and 
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of the cathode-ray type. However, a 
few general considerations are import- 
ext whether a human observe »btelns 
the bearing from « cathode-ru, tube, 
a meter, an aural system, or the output 
cf a computer which has operated 
on the digitized Instantaneous values 
of the signal, amplitude, cr phase, The 
bandwidth of the receiver before final 
detecticn should be as narrow a3 poa- 
sibie without rejection of the signal 
and within the frequency stability not 
only of the transmitter but also of the 
recelver. The postdetection bandwidth 
should be sufficiently wide to permit fluctuations in the bearing of the signal 
to be recorded or observed. Since most bearings over the pezlod of observe- 
tion do not have a zero mean value, the best bearing can only be obtained 
by observing the manner in which the cirection of arrival varies frum instant 
to instant. An indicator. therefore, which provides the observer with a re- 
cording or memory of the bearing over a period of time permits the best 
interpretation. Much of the success in the operation of a direction finder 
depends upon the skill and Intuition of the operator. 


Fro, 10-80. Visual Indicator showing typl- 
cal propeller pattern. 


10.9 Position Fixing 

To determine the position of a transmitter requires that at least two bear- 
ings be obtained, each from a different azimuthal position relative to the 
algnal source, If the transmitter fs moving with respect to the DF stations, 
it is beet that these bearings be obtained simultaneously. 

The accuracy with which the position of the transmitter can be determined 
is improved by utilizing more than two DF stations, as shown in Figure 
16-8: These bearings generally do not Intersect at the same point and, 
therefore, some method must be utilized to determine the most probable 
intersection. Errors which Introduce inaccuracies in each line of direction 
determination may be due to several sources. 

A major source of error is caused by propagation anomalies when dealing 
with hf signals In which the propagation is by means of the sky wave. Such 
errors arise from the fact that the Jonosphere is not perfectly uniform In 
structure, As a result, lateral deviations of the rays take place. In addition 
to this, as pointed out previously, there are polarizatio:: changes as the wave 
is reflected from the lonosphere. 

At higher frequencies, above 60 Mc, scintillation of the apparent direction 
of arrival of the wave may occur due to contributions to the fleld at the re- 
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ceiver of refiected and refracted erergy 
from high polnts on the horizon. This 
is particularly true when signals are 
observed that are elther at or below 
Iine of sight. 

In addition to these sources of error, 
a lateral deviation on ground wave 
==. ,#t frequencies lower than hf is uppar- 
ent when the wavefront crosses a dis- 

| “,, continuity in ground conductivity at 

en other than normal incidence, On cther 

, than relatively stable low frequencies, 

the properties of the propagation paths 

exhibit a fluctuaticn and variation with 

;' time at different rates, and, during the 

general observational period, do not 

Fio. 10-61, Direction-Anding fix as ob- have a mean value of zero. Variations 

si Mea al in the apparent direction of arrival of 

a sky wave are also subject to a low periodic component which varies with 
the sunspot activity cycle. 

A second source of errur is contributed by irregularities and asymmetry 
at the antenna array or In its immediate vicinity. Waves may be reflected 
from nearby objects auch es wires, alrplane hangers, vehicles, and metailic 
Dlatforms. Error from these causes are particularly noticeable In the case of 
alrborne direction finders when frequencies are being received at which it 
is impractical to obtain discriminatory directivity in the alrborne antenna. 

Irregularities in the conductivity of the ground or image plane close io the 
DF antenna also produce errors. Poorly bonded connections in a mat or 
counterpoise can produce errors. A countercpolse or image plane which [s too 
small or irregular in shape will also introduce errors. When striving for a site 
in which the error {s less than 1”, it is extremely important to consider many 
possible sources of error. Burled underground cables, asymmetrical struc- 
tures beneath the counterpoise, and stight differences in conductivity of the 
image plane will produce noticeable sources of error. Automobiles parked 
anywhere near the alte will also Introduce a disturbance. 

The proper location of a direction finder on a warship {is one of the most 
disturblng problems. Reradiation from loca) reflecting objects may occur 
with a quadrature polarization. As an example: In the event the direction 
finder is designed primarily to operate for vertical polarization and e# horl- 
sontally polarized signal is encountered, the signal energy from a local 
reflecting object with converted vertical polarization may often be greater 
than, or certainiy of the same order as, the direct horizontally polarized 
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signal. Since the antenna patterns may be entirely different for each poiaz- 
ization, substantial errors are introduced. This phenomenon is often encoun- 
tered In airborne antennas, particularly when the antenna is near the ahadow 
of a wing or other portions of the aircraft. 

Another source of orror {is that inherent in the Instrument iteelf. This is 
generally caused by improper design or faulty operation. In most cases, !n- 
strument errors arise from poorly designed antenna elements or goniometers. 
Factors such as mutual impedance between antenna elements, which Is a 
function of the direction of arrival, produce the so-called quadrantal error 
in the cacc of the Adcock. Temperature effects in cables may also be a 
source of error as may also discontinuities introduced by such components as 
terminal plugs and connectors, At vhi and uhf, for example, asymmetrical 
patterns can be produced by the heating of one feed cable by the sun's rays. 
Instrument errors can also be jintroduced by Indicator nonlinearities and 
nolse sources synchronous with respect to the goniometer or indicator scan- 
ning cycle. 

In general, the errors from all three cf the above-mentiuned sources— 
propagation, site, and inetrument—can be classified into two general cate- 
gories: those which are determinate and therefore may be calibrated out, and 
those which are indeterminate or of 2 random nature and are tou complex 
to determine discretely. Instrument errors of a determinate variety can be 
calibrated by the use of a target transmitter. The target transmitter is moved 
about on a circumference of a circle four or five wavelengths away from the 
center of radiation of the structure. When the frequency Involved {s so low 
that it Is impractical to operate the target transmitter at that distance from 
the center, the approximate error that may be Introduced Into the calibrating 
procedure !s obtainable from the curve of Figure 10-82. 

To reduce the errore due to path deviations, observational errors, and 
other phenomena which cannot be calibrated out and ere of an Indeterminate 
variety, a number of possible attacks have been used. On the basis that dur- 
ing the observational period certaln evrors will tend to have a mean of zero, 
Dearinga may be taken rapidly over as long a period of time as possible and 
the average vaiue then determined. In this procedure, computers may be used 
to automatically lndicate the uverage value. 

Another method exists of Improving the accuracy of 2 bearing or of deter- 
mining which of a series of bearinga on the same station are moat likely the 
correct ones. In this method, the onerator introduces weighting factors, deter- 
mined by such conalderations as the sharpness or quality of the null in the 
case of an aural presentation or the approach that a cathode-ray indicator 
dispiay would have to the ideal case. The gradings are often grouped into 
one of three classes: either A, B, or C. A class A bearing Is a low-error reli- 
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able bearing, a class B bearing is a 
usable but Inaccurate bearing; and a 
class C bearing is considered unrellable. 

In determining the most probable 
position of a signal source from two or 
more beerings at different azimutha! 
angles to the transmitter, one can con- 
cern himself with the deviations which 
are caused by those different ensemble 
members which have Gaussian diatri- 
butions. As indicated previousiy, in 
(OM a ‘4 as actual practice the statistical errors in 
a finite Integration or smoothing time 
Fio, 10-82, Relation between antenna-cle- Go not have a zero mean and as a mat- 
men’ spacing and proximity of oscillator to ter of fact do not follow a normal 
antenna to reault In callbration errurs Of error distribution. Some improvement, 

See oh ee however, can be obtained by con- 
sidering that the errors are of a Gaussian or normal error probability as- 
sociated with each bearing (References 41, 42, 43). 

The error probability of each bearing is measured in terms of {ts variance, 
i.e., of the square of the standard deviation of « group of bearings about the 
true value. The sources of error in the bearing are of various nature and 
may be classified as fullows: instrumental (due to imperfect calibration or to 
fluctuation of the polarization of the wave); sée (due to spurious reflections 
from the surrouading terrain); pro, sgationas (due to reflections from the 
lonosphere); observational (due to intrinsic operator and time causes). Hatl- 
mation of these errors js obtained in part from past experience and {n part 
from experiment. For example, the observational error is computed by taking 
an actual number (about 10) of bearings al! of which are independent of 
each other and occur within few seconds’ distance In time. From these read- 
ings one computes the arithmetic mean, the mear-square deviation, and the 
minimum readable angle. The correanonding variance is obtained In genera! 
with the relation 





vy =z 7 /nt 


where # is the number of readings taken between S$ and 12, and r Is the 
range of the same readings, f.e., the difference between extreme readings. 
The variance due to instrumental errors ia generaliy neglected (unless the 
calibration is known to be defective); the varlance due to fonospheric fluc- 
tuations Is computed from past expericnce. For example, in Figure 10-83 a 
graph Is shown which gives the variance for bearings avereged over 5 minutes. 
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The variance cue to site error fa also 
evaluated in advance. As an example: 
| the variance may be about 2° In the 
bandwidth 3 to § Mc, 1° in the band- 
width 5 to !0 Me, and 0.5° In the 
bandwidth !0 to 15 Mc. 

The total variance correaponding 
to each bearing is evaluated as the 
sum of the Individuel variance as 
above deacribed. Now, in order to 
determine the point of maximum prob- 
ability of intersection, one starts mak- 
ing the few guesses for the position of 
| a point in the area. To correspond 
—— mae tO each point P, one computes the 
Devens emery quantity, 

Fio, 10-83. Variance due to fonospheris 


lateral deviation for bearings averaged over = ¢ __ d;* d;" ae + Gn 
about 5 minutes, ~ Vs Kee 


which is the sum of the ratios of the squares of the anguiar deviations d;, 
ds, ds, ... from each of the observed bearings and the corresponding vari- 
ence of the bearings. The desired point of maximum probability is that for 
which the quantity 5 is a minimum. If one computes § for a few points, one 
immediately is able to improve the accuracy of successive guesses and rapidly 
grrives at a good solution. In general, a few trials are sufficient for an ex- 
perienced operator. It may be noted also that tie loci of constant difference 
S — Sain ate ellipses, and that the ellipses individuate areas in which the 
probability of Anding the point is about the same. For example, if S — Swix 
is 1.4, the corresponding probability of the ellipse is 50%; and if 5 — 
Smin == 4.6, the corresponding prebablility {s 90%. 

The application of the statistical method for the determination of the 
moat probable fix has proved very advantageous. Efforts have been made to 
realize automatic plotters which derive the most probable solution electri- 
cally fron a set of independent bearings. 
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The Analysis of Reconnaissance Information 
from the Dats °‘2ndling Point of View 


L. A. deROSA, E. G FUt. % § H, VOGELMAN 


1l.k Basic Concepts 


11.1.1 Purpose of Analysis 

The mcst general purpose of the analysis of electronic reconnaissance data 
is to develop technical descrintions and to geographically locate the various 
emitters. 

Dependent upon the degree of precision and sophistication of such recon- 
nalasance, the labels of Electronic Order-of-Baltle (HOB) or Electronic 
Intelligence (ELINT) may be assigned. Location information, coarse tech- 
nical information, determination of functions, and assessment of vulnerability 
are typical ELINT objectives. The composite of such individual data will 
generally yield additional Intelligence, but the primary function Is to compile 
what may be tcrmed catalog and operational data. 

A second general purpose of electronic reconnaissance js to monitor emis- 
salons for their semantic aspect (that is, their meaning or message content). 
This implies a prior knowledge or discovery of the technical characteristics 
of the signals through ELINT processes. The results of such monitoring are 
most often called Communications Intelligence (COMINT) when communi- 
caticns messages, as such, are intercepted. However, the concept of semantics 
can be extended (o nuncommunications areas: e.g., various guidance or re- 
mote control transmissions (where we may extend the concept o: s¢emanties 
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to that of machines communicating with one another). In all such areas, data 
handiing processes cre employed not for cataiog data generation or compari- 
con, but for message derivation. 

These two types of reconnaissance operations may be compared with more 
conventional communications practice. Reconnaissance may be seen to en- 
compass the problem of completing a communications Hnk with an unco- 
operative network of tranaritters. It ia the uncooperative nature of the link 
between emitters and receiver which sets reconnaissance techniques apart 
{rom the more conventions! communications art. In conventional communl- 
cations, for example, one may have prior knowledge of the carrier frequency 
and modulation type of « set of tranomitters. ‘Vith such knowledge, one may 
empioy # receiver which includes correlation processes (¢.5., tuned resonant 
circuits) In its intrinsic design, and proceed directly to metsage reception. 

In EOB or ELINT practice, one needs to acquire or verify by recon- 
naissan-e the asme type of information which is known, @ priorl, to & coopera- 
tive receiver. This is a task which taxes the recelver and data processing arts 
even where nc message is to be monitored. In COMINT practice, additional 
tasks are required which approximate or exceed those in cooperative com- 
munications, depending on the degree of demodulation or deccding which 
may be required subsequent to ELINT-level processing. It is evident, there- 
fore, that quite different forms of data processing or signal analysis are re- 
quired for EOB-ELINT reconnalssence and for COMINT message extrac- 
tion. 

Ir: EOB or ELINT reconnalasance, data processing is employed to generate 
or verify information which can be described as catalog data. Such data ere 
easentially stationary or redundant in that they: are slowly varying with time 
The “time-constants” which apply are generally the periods required for the 
movement of emitters, for logistic scheduies, etc. These essentially stationary 
dats are processed by comprehensive and Intricate, but familler, methods o! 
sorting, computation, and correlation. 

Sorting iz required because the basic daia are not properly grouped in 
discrete sets. Computation Is required: (a) because the parameters in which 
the raw data are roceived, e.g., direction of arrival, are not those in which 
the stationary date exist (e.g., position), thus requiring a transformation of 
parameters; and (b) because statistical processes .re required for smoothing 
and for the generation cf quantitative confidence levels. Correiation is re- 
quired for library-sclence purposes: to compare the recent data with previous 
information, thereby preventing redundant library files, providing for up: 
dating of these files, and emphasizing ‘“news’’. 

In contrast, COMINT data, in its most general form, is by definition not 
redundant. Belng essentially nonstationary, quite different data processing 
methods are required. The distinction stems partly from the fact that much 
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shorter time-constants are associated with the data, that is, the data are 
changeable and perishable. ‘The fact that the total information, meaeured in 
“bits”, Is normally greater for semanti: content ‘han for catalog data con- 
tributes to the diatinction. Thorefore, COMINT data processing is neces- 
sarily more subtle and more intricate. 


11.1.2 General Character of the Analysis Process 

The ch t rlaties of a radio transmission, such aa radio frequency, type 
of modula, vandwidth, and other attributes, determine the Identity of the 
transmitter. The knowledge that the aignal characteristics must fall within 
certain limits follows from familiarity with the component art, For example, 
if o tranemitter has an r-f carrier o! 100 kilocycles, the bandwidth cf the 
signal most probably will be of the order of 20 kilccycles, or leas, since 
efficient antennas having more than a +10 percent frequency range si 
L.F. are infeasible. Unknown advances in technology on the part of an 
enemy will decrease the constraints and increase the problems of interception 
ard analysis. It is usual to design radio veconnaissance equipment to Inter- 
cept signals whose characteristics are known to exist. Often surprises are 
produced by unanticipated progress In the enemy’s component art. 

The analysis problem, therefore, may be regarded as the examination of 
the attributes of an intercepted signal and the determination that en orderly 
collection of such attributes approximates that of a known signal source. If 
the signal attributes, that is, auch characteristics as radio frequency, puise- 
width, pulse repetition frequency, rotational rate, and polarization, do «ot 
conform with thoee of a known signe! source, elther the collection ana obser- 
vation |. fs.1:" or a new signal source must be postulated having such new 
characte rlst: .. 

A furt'.. distinction must be made to determine whether the intercepted 
signal represents a known model but with signal characteristics modified by 
extraneo'is effects, such as a poorly operating magnetron in a radar trans- 
mitter, or a pocrly aligned Intercept receiver. Other examples of extraneous 
effects are propagation anomalies, modulations impressed on the signal from 
such sources as a tumbling satellite, Faraday rotational changes in polariza- 
tion, and doppler frequency shifts caused by the relative motion of the 
source and the receiver. 

An Important consideration {s to determine whether the discrepancy be- 
twen the observed signel characteristics and the catalog model is due to 
extraneous effects or whet’: it represents a change in the intrinalc signal 
characteristics occasioned by a new version of an old model. In the latter 
case, the catalog of existing models must be updated and expanded to Include 
the new version. 

The reconnaissance process may also be concerned with the actual mean- 
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ing or semantic aspect of communication signals. The COMINT conteni of 
a message in the future, what with che multipiexing ef communication aig- 
nels for directing Interceptor operations (GCI), radar surveillance opera- 
tions, navigational functions and missiie guidance systems, wil! be most 
difficult to separate from ELINT. To this illustration must be added the 
use of digital and other more complex encoding methods for the transmicsion 
of Information, so that whether a signal characteristic is functional and 
produced by a complex code matrix or whether it is semantic becomes diffi- 
cult to ascertain until the model has been clearly esiabiisned and cataloged. 

The co:aplete description cf an electromagnetic emission may be given by 
a plot of the Instantaneous r-f waveform, the spatial coordinates of the 
source, and a description of the polarization of the wave, all plotted againat 
time, This plot may be compared with a library of plots of ali known signals 
to attempt a recognition. 

Dificutties Immediately arise. If the signal is a communication trinamitter, 
the a “fori knowledge of its message is highly improbable, vo that a detalied 
eenparison fa impossible since !t would be a hopeless task to store all possible 
messages. A number of simplifying assumptions may be made; e.g., it may be 
assumed that one of a number of known modulations is present. Detector 
circults and display can be contrived to Identify the modulation, and the 
identification may be considered complete when an intelligible message is 
cbtained. This message may be in a known or ertificlz] language. 

In general, it js dealred to determine the r-f center frequency, bendwidth, 
type of nodulation, signal strength, location of the transmitter, the amount 
and nature cf traffic, and any other characteristics of the demodulated signal 
instead of a time plot of the r-f wave. 

A representative functional 


SS cme ~—s diagram of an analysia system 
saniaien Semuiipiosing is shown In Figure 11-1. 
anne (|| Mane Dieta Doni In the case of a radar emis- 

sicn, a complete identification 
me would involve a comparison of 

Fiours 11-1 Functional Diagram the time function for at least 


of an Analycis System one antenna rotaticn (in the 


case of a surveillance type) with a model from a stored library. This Is again 
a difficult task and In most casea unnecessary. For a radar having an r-f band- 
width of 4 megacycles, negligible information would be required for polariza- 
tlon and spatial coordinates, but with a 1 to 1 signal-to-noise ratio as a 
usable signal level, approximately 2.5 >< 10° bits would have to be stored to 
analyze every possible evident or hidden characteristic of the system. 
This procedure may be necessary for examining the nearby reflections 
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from the radar for “fingerprinting” purposes, in which case only the time 
immediately following the main transmitted pulse need be examined. Often 
many recordings may be superimposed to conserve storage capacity, ‘This ic 
useful when « human observer is available for performing the comparison 
with the known model. 

The human observer is frequently able to identify the patterns obtained 
atid thereby replace much complex electronic equipment. The study of pat- 
tern recognition by human observers is a branch of psychophysics. it {s 
pessibie by sultabie transformations to provide patterns which are susceptible 
to preferentiai recognition, acoustically and/or visually. 

When certain basic assumptions may be made relative to the emission, 
the analysis function is very much simplified, as exempiified in the follow- 
ing. 

The rotational rate of a radar of the surveillance type is generally a con- 
stant. Therefore, it is sufficient fcr the intercept equipment to recognize the 
rotational rate and unless information is required regerding the antenna 
directive pattern, the effects of moduiation ef the r-f signal due to antenna 
rotation can be neglected and not stored. The rotational rate need not be a 
constant !f it can be expressed by a simple law, so that effects due to the 
moticn of the antenna can thereafter be neglected. A similar analysis can be 
performed to recognize a nutating-type radar. In addition, if the radar {3 a 
pulsed type wiih a fixed pulsewidth and pulas repetition rate, then further 
elmplifications may be made by recognizing modulations of the r-f carrier as 
belng due to pulses occurring at a certain rate and having a certain width. 
If the radio frequency of a radar is fixed and Goes not shift, then the record- 
ing of the r-f wave can be dispensed with altogether and a single attribute, 
radio frequency, may be substituted. By a few almplifying assumptions such 
as these, the storage capacity necessary to represent the radar signal [s 
reduced from many rallllone of bits to about one hundred. 

In genercl, information which leads to the identification of a known typo 
of racar, its location, and the number of radazs in the community fs called 
radar order-of-batile (ROB) information, whereas detailed information whica 
often is obtainable only by careful analysis of wideband recordings Is called 
technical Intelligence, It is much simpler to identify a rad ° as belng one cf 
a known kind for wiick a model ls available than to ana. ‘a complex sig- 
nal to determine Its function and mode of operation. 

The simplifying assumptions are often based on fundamental! consldera- 
tions. For exampie, ln procuring a quantity of a certain type of radar for 
defense purposes, three to alx years are generally required tc develop an 
equipment, su’ ject It to environmental teats, and to produce a quantity at 
a minimum of ccst by production Hne techniques. As is well known, any 
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change of design during the course cf manufacture s2sults in greatly In- 
creased costs and delays In prucurement and the service and maintenance 
problem in the field becomes quite complicated. Because of those conditions, 
many radars will have quite almilar characteristics atid one model may be 
used to Identify many hundreda of radars. Additicnsl constraints in the 
design are Introcluced by the atate of scientific development and component 
characteristics. For example, 1n S-band radar of a given antenna rotation 
rate wil), within Ilmits, have its beamwidth prescribed, eince for a given range 
capability (which determines the puise repetition rate to avold second t!me 
around echoes) the antenna beamwidth will determine the minimum aumber 
of hits per revolution that will be made on any target. Constralnis of this 
type dictate that the designer is not free to choose with complete freedom 

| 


the characteristics to be designed into a radar emitter, 

An interesting method of representing the signal characteriatics of an 
emitter such as « rader is to plot the simplified attributes—that ie, radio 
frequency, rotational) array, bandwidth, pulse repetition rate, pulsewidth, 
and polarization {n an s-dimensioned nyperspace coordinate system. A given 
radar can then be represented as an n-dimensioned polytepe in this hyper- 
space. The bounds of such a polytope are not sharp or uniquely determined, 
but have a dispersion determined by the tolerances that are maintained 
under opsrating conditions. It is easily seen that not ali geometric configura- 
tlons are possible, and that the constraints placed upon the designer limit 
the cholce of the geometry of these n-dimensioned volumes. 

The problem now Is to Intersect this polytope with a hyperplane selected 
so that a single or a minimum number of measurements will yield the highest 
probability of identifying the remaining geometric configuration. Tals mea- 
surement need not be one of a single signal attribute, but rather may be 
selected as a relation between two or more attributes. For example, y = 
AF/F, where AF is the bandwidth and F is the radio frequency of the 
transmitter, may be used. This use of relationabips corresponds to an analysis 
irom the morphological viewpoint and Involves the ratio of two edges of the 
polytope. 

As indicated above, the development of components, practical mechan- 
ical design probleris and other considerations limit the freedom of choice for 
the radar so that the polytope geometry as a function of spatial location has 
certain most probable shapes. This means that radars can be Identified quite 
often by similariiies in shape (isomorphism) of their plotted characteristics. 
An interesting extension of this is the identification by a comparison of the 


*Sommerville—ZIniroduction to Geometry of n-Dimensions—Dover, New York 
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The analysis of intercepted signals starte at the receiver. Two distinct 
philosophies of receiver design have deen followed In the construction of 
reconnaissance equipment—the scanning receiver and the “wide-open” re- 
calver—each of which may be classified according to tne type of analysis 
performed during the collection process. 

The scanning receiver selects signals sequentially in order of increasing or 
decreasing frequency by tuning acroas the frequency band of interest. The 
AN/APR-9 iz a typical example of such a system. This receiver utilizes a 
20-magacycle wide bandpass which can be scanned slowly over a frequency 
range of 1,000 ito 10,750 megacycles. The sensitivity of the AN/APR-9 
recelver is approximately 70 decibels below a mililwatt (—dbm), which fs 
usually adequate for detecting radar-type emitters even when the main beam 
ia directed away from the reconnaissance recc'ver. The major disadvantage 
of a sequential or frequency scanning system is that in a crowded environ- 
inent the reconnaiszance vehicle may pass through en area of activity before 
the jrequency scanning process has covered the entire band of interest. Also, 
the probability of missing short messages, such as might be used for GCT 
vperations, is exceselvely high. A present approack is to facrease the prob- 
ability of interception o2 short messeges by utilising combinations of scan- 
ning recolvers and dividing up the responsibilities of signa: presence detection 
and message content deiection. 

The wide-upen receiver technique obvistes ths previous objection for 
ELINT application by empioying video detection without selection of a 
sarrow-frequency band. The filters and amplifiers preceding tha video 
detectcr pass the entire band of interest. All signals occurring (2 the bend 
are processed in parallel by the reconnaissance receiver. The AN/A?rD-4 
and AN/DLD-1 are typical wide-open airborne reconnaissance systems 
covering the 1,000 to 33,000-megacycle region. Since the bandwidth fa wide, 
recelver sensitivity is only cf the order of —40 dbm. Therefore, a receiver 
with this perallel processing ability may miss signals from distant transmit- 
ters located to the side of the vehicle path because of low sensitivity. An- 
other drawback of the parallel processing procedure !s the difficulty Inherent 
in processing overlapping signals. For pulsed radars, the overlap of pulses is 
of negligible consequence; however, the interlace of several pulse trains does 
pose problems in subsequent analysis. Signals of a high duty cycle, such as 
cow radars and most communication signals, cannot be satisfactorily handled 
by a parallel svstern. 

The parallel or wide-open system {s most useful for géneral area recon- 
naiszance where the electromagnetic environment is defined in broad terms 
over wide geographical areas. The sequential or “discriminating” system, on 
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the other hand, is most useful for special area reconnaissance where a priori 
data on the environment are available. In many cases, selective techniques 
are used as a follow-up to wide-open techniques In obtaining technica! in- 
telligence. 


11.1.4 Seanning Processes anc Prebability of Intercept 

The concept of “Probability of Intercept” has created much misunder- 
standing because several definitions may logically be applied. These defni- 
tions are based on the probability of obtaining various degrees of intelligence 
from the intercepted datz, which ultimately determines the usefulness of the 
reconnaissance mission to a particular using agency. 

For purposes of comparison, we may select a rather unrealizable but all- 
Inclusive definition that a perfect reconnaissance system must intercept and 
record® all signais that are emitted at any time, anywhere on earth, over the 
complete radiation spectrum. However, !n obedience to some natural laws 
and the state-of-the-art, it is reasonable to allow a few compromises in the 
definition. First of all, let us Hmit the spectrum to the frequency band usually 
covered in a''horne instrumentation: that is, 30 megacycles to 40 kiiomega- 
cycles, Another reasonable compromise may be to limit the area of coverage 
to a radius limited by the line-of-sight. Now we should consider the aifect 
of further restrictions In setting a useful criterion, aince instead of physical 
limitations we ere new deailng with compromises between the Ingenuity of 
system designers and the needs of intelligence. 

If we are capable of Intercepting® continuously all signals emitted between 
30 megacycies and 40 kilomegacycles at lcas than Ilne-of-sight from a moving 
alrborne platform, how much of these data are actually needed? If all data 
are needed, then we muct say that this criterion is then our basis for 100 
percent probability of intercept. 

Considering ELINT alone, the various categories of reconna!ssance system 
designs can usually claim 100 percent probability of intercept under various 
qualified conditions, but which have varying degrees of usefulneas to the 
intelligence analyst. Accordingly, the following list of categories has been 
found useful in depicting the amount of intelligence that is ideally available 
from a given operation. Thus, a system may have 100 percent probability of 
intercept that can receive, record, and analyze: 

(1) All emissions from all radars continuously, In the area covered by 

line-of-sight regardless of antenna scan, or 

(2) All intercepts from malin beams of all radars in the line-of-sight area, 

or 


*The assumption is made that all data ars so recorded that they can in fact be ex- 
tracted In the subsequent processing functions. 
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(3) Sufficient intercepts from mein beams in the line-of-sight area for 

identification and iocation of all radars. 

Tn this classification order, there is decreasing intelligence capability in the 
corresponding systems. Thus, a class (1) system can present the full amount 
of available information regarding any redar that is operated, no matter !n 
what direction lis antenna is pointed or for what interval of time. Such « 
syster: would obviously be directed mainly toward the area of technical 
intelligence. 

A clasa (2) system, which utilizes the time scanning of the Intercepts of 
rotating radars to reduce the traffic density is also useful in technical Intel- 
gence because there is available s complete time history of all Intercepts. 
The use of reduced sensitivity implies, however, that distant, low-power 
radara or radars which never “look” at the receiver will not be received. 

The class (3) systern relies on the abundance of redundancy in a radar 
environment to reduce both data rate and the required storage capacity. 
Such redundancy /s usually available from scanning search radars, but for 

hort-term trackers and experimental devices there would be ‘eas probability 
of intercept. At present, the claas (3) concept appears to be most valuable 
im reconnaissance for tactical ROB situations. 

There may be other probabilities of intercept for special purposes. For 
exampi¢, conaider the wide-open type of ELINT reconnaissance recelver in 
which the operation is typified by a continuous succession of frame or look 
intervals. The observations obtained during each sampling interval are se- 
quentiaily recorded on photographic film or magnetic tape. It |, pertinent to 
ask, what {s the probability that only one emitter shall be logged within a 
given frame and In a given environment of scanning radars; or, for a given 
environment, what Is tha moat desirable frame rate from the etandpolnt of 
obtaining a high yield of unambiguous (i.e., alngle emitter) frames? The 
Poisson diatribution apolies: 


a’e@ 
P, SS ees 


r} 


in which P, is the probability of exactly 7 scanning radars logging within a 
frame of period ¢ in a signal denzity environment in which the long term 
average number of radars logged per frame is a. 

At this point, it should be mentioned that in general a reconnalasance 
receiver is designed to scan in une but no more than one of the several 
available dimensions. If more than one simultaneous scanning process is 
involved, then the probability of intercept as defined by class (2) or (3) 
above becomes excessively small. It has been pointed out that If scanning 
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or preselection in scme form is not provided, then the data rate becomes 
prohibitively high in terms of the required storage capacity. Note that the 
so-called wide-open ELINT receivers usually entail a tacit scanning process 
by reason ef thei: limited sensitivity In conjunction with the rotating narrow- 
beam antennas of the radar emitters, COMINT receivers, on the other hand, 
are always of the high-sensitivity, high-selectivity frequency scanning variety. 

Therefore, for purposes of providing recontalssance intelligence the prob- 
lem {is that of deciding how much Information a system must abeorb on a 
given mission so that the desired intelligence ievel may be achieved. Since 
the “rate of absorption” is related to the storage capacity, sensitivity, and 
frequency coverage of a system, the design is usually a cormpuslte of com- 
promises which recognize a limited storage capacity and tends to meke use 
of time or frequency scanning to reduce the data rate. 


11.2 Analyals 

The problem of analysis of reconnalssance data can be summarized as the 
perception of form in accordance with some form or model elready estab- 
lished in fact or concept. Following this definition, this section outlines a 
conceptual basis for an orderly analysis and generation of end intelligence 
products. It is to be emphasized that there is no one inteliigenca product, 
but that there are many. Ea.h user cf intelligence produces his own unique 
requirements and these must be reflected through not only the analysis of 
date but the entire reconnalssance complex. This involves optimization of 
collection, storage, procesang analysis, and dissemination. In this discussicn 
on analysis, the topic will be divided into two general headings: Primary 
Analytis and Secondary Analyais. 

The primary analysis of reconnaissance data may occur at any point In 
the system. Indeed, it may take place within the reconnaissance receiver 
itself, At times it may be difficult to make a clear distinction between tho 
receiving function and the analysis function. Such difficulty may, however, 
be removed if the primary analysis is thought of as the swéélisation of certain 
technical parameters generated wichin the receiver. 


11.2.1 Primary Analysis 

One of the main difficulties involved in analysis of reconnaissance data le 
the need for making rather sophisticated decisions at a high rate. The basis 
of primary analysis is to put firet things first. Reference to Figure }1-1 
indicates the over-all concept. The data are received from the collection 
station or stations and put into a storage facility. This facility is in essence an 
information buffer. Primary analysis operates at u very high speed. The 
patterns are examined, and identification and priority determination are 
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performed. For certain intelligence requirements, end products are generated 
at this point. Basically, t*) information available may be divided into several 
categories, For this purpose, we may list the various types of reconnalseance 
data (as defined !:. previous sections) : 


ELINT—intelligence derived adout the emitter 
COMINT—intelligence derived from the emitter 
RADINT—-intelligence derived about and from enemy act'vities utilising 
acéive techniques 


With these definitions in mind, we may broadly list the information which 
san be derived during the primary analysis. From ELINT data we cen 
determine the type or category of emitter (e.g., Token, Yo Yo, etc.). For 
radars this requires sorting and correlation of emplitude-modulation time 
series. In addition, we may detorzaine the level uf emitter activity or average 
density of any number of parameters, such as frequency-time, frequency- 
position, prf-frequency, prf-pulsewidth, etc. From communications data we 
may determine the classification of the emitter, e.g., ground-to-ground com- 
munications utilising hand-set Morse, frequency, stability, location, priority, 
traffic analysis, etc. In the case of COMINT we can determine the Intelligence 
that ia being sent over the circuit. However, cince this requires a far more 
detailed and time-conruming analvais, it is not performed as part of pre- 
liminary analysis. This function is performed as part of secondary enalysis, 
but only after the priority determination has placed first things firat. 

A more detailed picture of the 
primary analysis concept Is given 
in Figure 11-2. The distributor 
routes all intercepts to preliminary 
analyals and to the buffer storage. 
If the Input data are such that 
primary analyais becomes over- 
loaded, then data entry from the 
buffer may be effected at a later 
time. In brief, the primary analysis 
operation consists of digitizing the 
signal for a preliminary anelysis. Preliminary analysis extracts video para- 
meter data necessary for signal identification. Actual Identification is per- 
formed by a tabie-lookup operation fa the library which is the heart of 
the primary analysis operation. 





Fivuag 11-2 Primary Analysis 


11.2.2 Library and indexing 
The data extracted from the library are also utilized tc cbtain an activity 


nn nn 


11-12 ELECTRONIC COUNTERMEASURES 


analysis as mentioned before, e.g., censity counts, traffic analyals, etc. In 
addition, the extracted data !s used for priority determination. Once the 
priority has bee's established, {t is assigned to the signel that is stored in its 
entirety and true form in the buffer storage. In this manner, updated priority 
assignments are available to the buffer to control the appropriate sequencing 
of input data to secondary aralyals. 

It Is clear that the success of the preceding method of primary ensiysis 
depends upon two factors: generation of an Indexing word and library in- 
dexing of a priori data. The heart of the analycis at this stage can be simply 
stated. The input signal must be characterized by an uniquely descriptive 
indexing word. This word must be digital to be compatibie with the high- 
speed search and logica! comparison operation of the table-lookup function 
required cf the Iibrary. The system design must so devise the signal indexing 
word that a rapid, accurate. reliable comparison operation can be performed. 
The Indexing operation consists of two steps: signal analysis and merger 

— with technice]l parameter data shown In 
= man Sigure 11-3. The video parameter data 
sevves to form a partial index which fs 
Teahaloat perpencter: Gone derived from the modulation characteristic 
Fiouns 11-5 Integration of Video and of hs signal. The technical parameter 
Technical Parameter Deta cata forms a paitial index from certain 
data generated within the collection system. These are items such ay fre- 
quency, time, location, propagation conditions, etc. Merged in the proper 
manner, they form a digital word that may be used to identify an address 
in the library. Once this address is located, logical orerations may proceed 
to further subdivide the index and the address as the category and {denti- 
fication processes increase in detali. 

It Is clear that prior knowledge of the signal category is necessary before 
Hbrary identification techniques can be applied to the problem. This implies 
use of all existing information regarding signal types and usage. An extension 
of the library-indexing process Is information feedback to the library. In case 
an indexing word is generated during primary analysis which is not iden- 
tiabie with any words stored in the library, this is noted and human /nter- 
vention is required. If this signal appears to be jn a legitimate but new 
category, the proper index is given an address in library storage. In this 
manner the library may be made to regenerate itseif based upon reconnais- 
sance Gata coming In from collectors or intelligence derived from other 
sources, 

In summary, the function of primary analysis is to permit reliable high- 
speed Indexing, classification, and priority assignment of incoming signals. 
It permits determination of the optimum order of highes level analyses which 
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utlilse main’s deductive and inductive capacities as well as advanced machine 
techniques. 


11.2.3 Secondary Analysis 

After initial analysis bas generated the first-order intelligence products by 
establishing the category and priority of the intercepted data, the original 
data are transferred to secondary analysis. Since secondary analysis is more 
Getalled, it proceeds at a lower rate. The basis for determining the sequential 
order of signal processing js tha’ 74: of the Indexing word which denotes 
priority. A full discussion of priority ‘s giver s!sewhere. Briefly, it deals with 
the dynemic behsvior of the “vaiue” of the inv'igerce. This tmplies a tlme- 
value relationship. This functional relation does ‘f {‘self remain invariant 
but is a function, in turn, of otner factors: eg., pre ~ pov aostilities, revi- 
sion of validation function, etc. 

The purpose of secondary analysis is to determine detailed information 
concerning the signal to accomplish two things. First: in the case of non- 
communications signals, to permit a wnafgue identification. Second: in the 
case of communications algnals, to permit not only unique equipment Identity 
but to obtaiz mescage content and, in the case of hand-sent signals, operator 
identification. 

The success of both of these objectives depends upon a close scrutiny of 
the slgnal over a long time interval. Thus, continulty of intercept is a funda- 
mental requisite. This should not, however, rule out a sampling approach 
ger se, eince euch a transform might be far better adapted to a particular 
kind of intercepted signal and may carry the desired amount of information. 

Figure 11-4 shows the sec- 


ondary analysis concept. In 

“— —f wma bet Sor | vectern order that 2 carrier contain- 
ing # independent channels 
be handled, it is first neves- 
sary to recover the base band 
or bands and then supply 
appropriate demodulation for 
each channel. Automatic, 
flexible machine techniques 
have been developed that 
permit such a demultiplexing operation even for very complicated systems. 
A character analysis is performed on the data to determine the uature of 
the transmission, ¢.g., machine Morse, teletype, etc. After the mode of emis- 
sion has been determined, it is generally possible to convert all pulse codes 
to a common machine language. Jn tha case of non-pulse transmissions, it is 
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necessary to spply sampling techniques and convert tc pulses ov to bring in 
a hutran analyzt at this polat. A decision regarding which course of action {3 
best must reat with an analysis of gl} factors In a particular case. It is 
dangerous to generalize on this point. 

Assuming that a common machine language has been achieved, communi: 
cations signals are examined to determine the Inguistic origin. A number of 
methods of approach are open here, ¢.g., keyword snalysia, phonemic fro- 
auency distribution, etc. If the language base can be determined, translation 
will probably be required. At the present time, there are no completely satis. 
factory machine translation techniques. Hence, a human may be required 
at this point. It fs protable, however, that satisfactory automatic methors 
will become feasible in the near future. 

If translation is impossible by any means, it Ie reasonable to assume tht 
the data is encrypted. A cryptographic analysis will reveal this fact as well 
as the level of crypt. ‘his is useful for determining additional priority in- 
formation as well as aiding in actual decryption. 

In the case of message content, « complete text analysis will reveal much 
detailed information of Interest. If the communication follows a known 
standard operating procedure, much of the text analysis can be machine 
implemented. However, there will be many Instances where it will be more 
effective to utilize human capebilities. For example it is not presently pnsa- 
sible to instrument sophisticated Inferential techriques—particuleiiy where 
decisions regarding verious “shades of meaning” are invoived. This s still a 
fruitfi] area of human endeavor. 

Fingily, the dissemination of the Intelligence information must be given 
carefu) consideration. This area involves transformation of information {nto 
a meaningful, timely product that is compatible with user requirements. As 
such, approximate communicadions channels, dispisy devices, information 
call and recall capabilities must be provided. The dissemination mechanism 
is very diffuse because {t Involves access to nearly all parameters discussed 
thus far, e.g., density, Index data classification, identification, alarms, etc. 


44.3 Techniques and Devices 


11.3.2 Storage Systeme 

A major common requirement of all reconnaissance ayatems {3 that of data 
storage capability. This requirement arises from several causes, such as: 
(a) a large amount of library type Information is required in order to ascer- 
tain the significance of new Information, (5) a large buffer storage capability 
is required to enable the processing of high priority data without loss of 
data of lesser priority, (c) it is usually difficult—if not impractical—to com- 
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pletely process reconnaissance data in real time, as, for example, when data 
are being gathered by a reconnaissance drone, and (d) the analycis process 
itself entalls e variety of preliminary storage applications, such as providing 
a means for determining the pulse repetition rate of a radar type emission. 

All of the data storage techniques and devices that have been applied to 
computer technology have also been used to Implement the processes of 
collection and analysis of electronic reconnaissance data. The media wi -t 
predominate are magnetic tape, photographic flim, punched cards, magnetic 
cores, electromagnetic “s‘ay Hines, sonic delay lines, cathode ray storage 
tubes, printed copy, encil and paper. 

There js much room iur growth in the realm of storage systems. It would 
be highly desirable, for example, tc provide for long term storage of portions 
of the r-f spectrum above 30 megacycles. Such a facility would greatly In- 
crease the probability of detection of transmissions utilizing techniques or 
systems of which we may be unaware, now or in the future, simply because 
existing detection systems are not senaltive to all possible classes and modes 
of conveying information via electromagnetic energy. 


11.3.2 Analysis Techniques 

There is a tremendous range of degree of scphisticatior. of techniques 
invoked for the derivation of ELINT and COMINT froin reconnalasance 
missions, This is to be expected, since the Information derived ranges in 
complexity from deriv'ng the radio frequency of an eission to determin- 
ing the total significance of an enctypted foreign language message, taking 
Into consideration any pertinent Information gathered from other sources. 
No attempt will be made to cover all techniques that have been utilized, 
as such an endeavor wut.’ be well beyond the scope of this book. Rather, 
we shall attempt to .o° & general approach by means of a few specific 
examples. 

Long term storage avvices are as yet inadequate for the radio frequencies 
customarily used for radar and military communications; therefore, the fre- 
quency of an emission is always determined in some fashion, coded, and 
then stored. The method of frequency measurement used in conjunction with 
the frequency acanning type of receiver ia obvious, but sume of the techniques 
applied tc the wide-open type of receiver are worthy of mention. Instantane- 
ous frequency measurement /s often accomplished by using a bank of over- 
lapping bandpass filtera driven jn parallel fron: a single antenna, electronic- 
ally for otherwise) observin.. Interpolating and finally recording aa analog 
of the actual radio frequency. Another technique, used in the AN/APD.-4, 
depends upon the relationship between the directivity of the antenna array 
and the sadio frequency of the received emission. 
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The pulse repetition frequency of a radar type emitter may be determined 
by measuring the burst length, counting the number of pulses comprising 
the burst, and dividing the latter by the former. Or, puise repetition interval 
(PRI) may be measured by starting a clock-driven counter with one Inter- 
cepted radar pulse, stopping the counter with the following radar puise, and 
reading the contents of the counter. If the clock is operating at a 1-mega- 
cycle rate, the reading of PRI is in microseconds. It Is customary to check 
that the two pulses emanated from the same radar emitter by comparing 
the time interval between the first and second received puises with the time 
interval between the sccond and third received pulses. If the two intervals 
are not equal or nearly equal then the three pulses may generally be pre- 
sumed to have emanated from more than one radar, 

The width of a radar pulse may be determined by using differentiation o7 
integration methods, In the cuse of a wide pulse, differentiation {s nreferable. 
The detected pulse {2 passed through a differentlating circuit and a counter 
is employed to measure the time between the differentiated leading and trali- 
ing edges. In the case of narrow pulsewidths, integration of the detected pulse 
ix commonly used. The Integral or area of the pulse is then an indication of 
the puleewldth. A welghting functlon must be Introduced to account for the 
normalization cf the pulse helght. 

There are several techniques appropriate for indicating signal density as 6 
function of time or geographic location. The CP-269/ASQ-13 system accom- 
plishes this function by plotting frequency of Intercept versus time at the 
system frame rate of 60 points per second. The high-speed plotting Is ac- 
complished by using a light-beam gaivanometer recording on self-developing, 
light-sensitive paper. Thus, !n a relatively short time a display is generated 
which reveals the total number of emitters intercepted, the number of active 
emitters at any given time or location, as weil as other valuable data such 
as the approximate frequencies and rotation rates. 

The polarization of an Incoming electromagnetic wave is determined by 
the response to the weve of an antenna having known pclarization features. 
Four antennas, one each vertically polarized, horizontally polarized, right- 
handed circularly polarised, and left-handed circularly polarized, will deter- 
mine the polarization of the incoming wave. In many reconnalssance systems 
it ix sufficient to know whether the signal contains either vertical, horizontal, 
or both components, in which case the two circularly polarized antennas are 
not neceasary. 

The rotation rate of a radar antenna {a determined by counting the number 
of main-lobe hits in a given time interval. Tf the Information fz in long- 
term storage on film, then the observer has only to count the number of 
bursts in a given length of film and, knowing the film speed, determine the 
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rotaticnal rate. In case the information is in long-term storage on magnetic 
tape, read-out can be made at the record speed through a peak reading 
detector to a counter used in the same manner as in pulse repetition frequency 
determination. The peak reading detector is used to smooth out the fine 
structure of the radar pulses to yield one pulse per burst. 

The operational function of each emitter may generally be learned from 
observation cf the fine grain structure of snecific parameters or combinations 
of parameters, For example, a radar that exhibits a low puise repetition fre- 
quency In combination with a slow scan rate and relatively low (for radar) 
radio frequency quite apparently is uaed for early wariing. 

Emitter iocation is usually ascertained through application of one cr cn- 
other of the direction-finding techniques enumerated in another chapter. 
The ASQ-18 system, cesigned for a portion of the r-f spectrum where direc- 
tlon-finding antennas are Incompatible with present-day aircraft, represents 
an exception in that emitter location is determined by correlation of the 
variation of recorded signa! atrength as a function of alrcraft headings and 
geographical location with the known radiation pattern of the receiving 
antennas, There are other possibilities, as, for example, emitter location by 
analysis of scan rate doppler. 

A portion of COMINT processing may be automatized by the use of 
decision circults, such as AM or FM, pulsewidth modulation or pulse code 
modulation, etc., which automaticaily route a message through the proper 
matrix to accomplish appropriate demodulation and demultiplexing. Much 
more COMINT processing will eventually be accomplished by machine 
methods, including translation and description, out for the present the spe- 
clally trained human analyst is by far the moat important factor. 


11.8.3 Sorting Methods 

A frequent major requirement in processing reconnaissance data ls that 
of sorting the data in such a way or ways as to yleld the maximum possible 
amount of intelligence material. 

One cf the more glowing examples of the requirement for large scale 
sorting appears during the processing of data gathered by the ASO-18, 
which is a wide-open airborne receiver intended for the detection and ar ‘aia 
of intercepts emanating from radar type emitters. The receiver has a {iu ne 
rate of 60 per second and the data collected In each frame is recorded on 
magnetic tape. The CP-269 is used to convert the information on this first 
magnetic tape from analog to digital form and record it frame by frame on 
a second magnetic tape in a format compatible with standard IBM data 
processing equipment. These data fraiues are recorded in the alr and tran- 
scribed on the ground in the same order as the aircraft was iHuminated by 
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the many radars comprising the environment through which the alrcraft 
passed. Thus, because of rotation rates, burst length, peculiarities of radia- 
tlon patterns and varying tran«mission distances, these data are very dis- 
ordered as well as voluminous, lt is deaized to organize the data according 
to emitter, and so a large scale sorting process Js next required. 

A special program has been written to accomplish the sorting operation 
on an IBM Type 704 data processing machine. The method that evolved 
is somewhat unique because of the large size of the sort. 

The magnetic core storage of the 704 is programmed to perform the func- 
tion of 20,000 Individual counters. Each counter is used to tally the number 
of intercepts occurring within its associated three-dimensional domain of 
frequency, PRI, and pulsewidth space. The 20,000 counters maybe ‘‘ar- 
ranged” in any desired configuration to encomprss whatever portion of 
frequency, PRI, and pulsewidth Js desired and with whatever degree of fine- 
neas !s deemed most appropriate along esch axis. After all intercepts have 
been tailied by these counters, a search ia made for that counter registering 
the highest tally. The intercepts that registered on this particular counter 
are labeled Unit Number !. A search Is then made for the counter with the 
next greatest tally. If the cel! {t representa shaves a boundary point, line, or 
face with the cell already labeled, its Intercepts are Included as a part of 
Unit Number 1; otherwise its intercepts are labeled Unit Number 2, Simi- 
larly, the third highest reading counter (celi) Is examined for adjacency 
with eny previousiy examined counter (cell) and approoriately labeled, and 
so on until all or most all intercepts have been assoclated with one of the 
clusters so formed, The mean and standard deviation is computed for each 
parameter of each cluster of intercepts. If one or more of a set of readings 
of standard deviation associated with a particular cluster are commensurate 
with experience, then the Intercepts compriaing that cluster are deemed to 
ve from a single emitter and are sorted cut and made available for further 
action. If w standard deviation rencing is excessive, then that portion of 
frequency, PRI, and pulsewidth space isa redivided intc a finer structure of 
cells and the process is repeated until the Intercepta have all been sorted 
according to emitters. 
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This Chapter le UNCLASSIFIED 


Basic Types of Masking Jammers 


Y. MORITA, R. A. ROLLIN, Jr. 


Previous chapters deal with signa! intercept and the problem of deter- 
mining the presence and nature of an enemy's sensors and weapons, Thiz 
chapter deals ory with the general characteristics of masking jammer trans- 
mittera (henceforth called masking Jammers), jammers capable of obscuring 
or denying information." Denial, which ic a characteristic of the effect pro- 
duced by masking jammers, Is achieved by submerging data !n interference 
which may consist of white nolse or signa!-like noises. Since masking jam- 
mers may be used against radars, communication recelvers, or fuzes, the 
nature of the interference used will depend upon which of these is being 
jammed. Thus, transmission of a narrow band of nolse may suffice to make 
specch over a radio link unintelligible to a listener, while transmission of a 
wide band of noise may be necessary to deny information to a radar using 
a correlation process for detection. 

The complexity required of masking jammers also depends upon the 
device being jammed. For example, if a Jammer Is being used against a 
frequency diversity radar, recelvers and programming equipment may be 
required to tune the jammer to the correct frequencies. It may be {mpossible 
to predict or determine In time the next jamming frequency required to 
successfully counter a frequency diversity system using nonperlodic fre- 
quency control. Since specific jammers can take on many forms, only a few 


"Radar repeaters and transponders, the subjects treated in Chapter 15, fulfll the 
function of creating false information. 
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generic types are described in this chapter; some jammers will include 
features of two or more of the basic types. 


12.1 Factors Affecting Masking Jamming 

Factors which affect masking Jamming include the bandwidth, power, and 
modulation of the jamming transmitter, the antenna characteristics (Chapter 
29), the geometric relation between the recelver being jammed and the 
jamming transmitter (Chapter 13), and the environmental effects on propa- 
gation (Chapter 31), Bandwidth, power, and modulation are discussed in 
this chapter. 

The bandwidth of a jammer and its radiated power are both important 
factors In masking jamming. These factcrs are related such that a design 
change in one often requires « change in the other. For example, # require- 
ment for Increasing the already wide bandwicth of a barrage jammer (Sec- 
tion 12.4.1) may arise. It may not be possible to maintain the average 
power level over the extended frequency band if the components (primarily 
the output tube) and design of the jammer are not changed. Aa the ranges 
of radars and transmitters are increased by means of increased power or 
Increased sophistication, the demand for higher Jammer outputs also in- 
creases, This demand for increased jammer power pius the desire for the 
capability to jam selectively haa resulted {i spot, swept, and swept-lock 
jammers (Sections 12.4.2, 12.4.3, and 12.4.4). In these masking jammers, 
the nolse power is concentrated In a narrow frequency band; the position 
of this narrow band within a large frequency band can be adjusted. Tubes 
which can furnish the necessary high power output within a nerrow band 
are usually more readily availabie than tubes which can iurnish high power 
output over a wide bandwidth. 

Another !mportant factor which uffects masking jamming is the type of 
modulation used. The type of modulation, such as amplitude o: frequency 
modulation, and the modulating waveform, such es a aine wave cr & saw- 
tooth function, determine how the available jamming energy {s distributed 
in the frequency spectrum. It is the energy In the sidebands that crdinarily 
is effective in producing Jamming. Noise was recognized early as having 
characteristics which would be desirable as a modulating source. Conaider- 
abie effort during World War II was focused on the analysis of noise signals 
and their effects on recelvers (References | and 2). Short verbal descrip- 
tions of some nolse-modulated signals are given below; the jamming effec- 
tivenevs of several of these signals is discussed in Chapter 14. (Antijam or 
countercountermeasure features of radar receivers, features designed to 
reduce the effectiveness of masking Jamraing, rre also discussed in Chapter 
14 and in References 3 and 4.) One type of signa!, the direct amplification 
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of nolse (DINA) dees net involve any modulation. In this case, the energy 
is distributed evenly over the bandwidth; the amplitudes follow a gaussian 
distribution. DINA {s often used because of Its applicanility as a jamming 
signal against many types of signals. 

The spectrum obtained by frequency or phase modulaticn by random 
nolse alone {is approximately gaussian when the ratio of the upper fre- 
quency limit of the noise band used for mcdulation to the frequency depar- 
ture from the carrier (for a modulating voltage equal to the rms of the 
noise) is approximately 1 (Figure 12-1@¢ and Reference 5). Such an energy 


|e +1 


16) Pht of PRE Oy ete, grvssinn ee! ee | 





~/ 


ni € 
{2} POd oF Pil ty antes phos PDI by & ttmwnned td) Ald by bighty tipped mote plus 70d by ¢ cms Gave 


Fiounse 12-1. Nolse modulation spectra (References 2 and 3). 


distribution is not sufficiently uniform or bivad enough to be used with 
good effect in barrage jaminers. If the ratio is Increased to the neighbor- 
nood of 3.5 for FM or 2.5 for PM, the energy distribution fiattens out and 
becomes more uniform. The high ratio Indicates thet the moduiating band- 
width is wider than the transmitted bandwidth, and that [t might be more 
desirable to use direct nolse amplification. 

When a carrier is amplitude modulated by nolse, the amplitude of the 
distributed energy is proportional to the amplitude of the modulating nolse 
and the spectrum is twice as broad as that of the inodulating nolse. The 
spectrum of the carrier can be represented by C®8 (/ — 0) where C® is the 
mean square amplitude of the carrler component and 8(f — 0) is # delta 
function with the pranerty of being Infinite at / = 0 and zero elsewhere. 
There are two reasons for not using amplitude modulation: first, consider- 
abie energy is retained in the carrler; and second, a ‘‘ceiling” is placed on 
the energy In the sidebands. If the noise is not allowed to be clipped, and 
randomness is to be maintained, the modulation level must be kept very 
low. In this case, all the energy is in the carrier. When clipping Is applied, 
more energy appears in the sidebands. Even with extreme clipping, half 
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the energy remaina in the carrier (Section 12.2). When the signa! is clipped, 
the energy spectrum is no longer fiat across the sidebands (Figure 12-15). 

It is possible to combine nolse modulation with modulation by a non- 
random, periodic waveform to obtain a jamming signal which can be used 
over a broad portion of the frequency spectrum. For ezample, frequency 
modulation by nolee can be combined with frequency modulation by a sine 
wave. Frequency modulation by sine wave alone produces e spectrum of 
frequencies located at frequencies +#/, about the “carrier,” /,. (/, ls the 
frequency of the modulating sine wave.) While it may be broad exough, 
the spectrum can be sufficiently discrete to provide unsatisfactory barrage 
jamming. When frequency modulation by sine wave is combined with fre- 
quency modulatics by nolse, a apectral distribution of nolse is obtalned 
around each of the sideband frequencies, n/, (Figure 1é-ic), All the energy 
available for jamming is in the sidebands, a desirable characteristic since 
the jamming spectrum is broadened and no frequency “holes” appear in 
the spectrutn. 

Amplitude modulation by nolse may also be combined with frequency 
modulation by noise to obts!n a spectrum suitable for barrage jamming. A 
broad spectrum {s obtained In *his case but one which is not as uniform as 
when frequency modulation by sine wave and fzequency modulation by 
noise Is used. Peaks are produced by the various carriers or sinusoldal fre- 
quency-modulation sldebands (Figure 12-1d). As in the case of extremely 
clipped amplitude modulation by noise, energy in the sidebands {s limited 
at best to one-haif the total energy. 

Signal-lke nolzes can also produce confuston. “Railing” is a technique in 
which pulses sre transmitted asynchronously at the pulse repetition fre- 
quency of a radar. A similar technique involves transmitting pulses at ran- 
dom so that the display of a search radar becomes cluttered. 


12.2 Clipping 

When the effectiveness of nolse signals is considered, the distribution of 
amplitudes is often assumed to be gaussian. In practice, the distribution Is 
not truly gaussian because the high noise peaks are sliced off either inten- 
tionally or because of equipment limitations, It has been shown that when 
using DINA or amplitude modulation by nolse, controlled clipping can 
reduce peak power requirements and, in the latter case, can minimize power 
wastage in the carrier (Reference 1, pp. 85-88). Controlled clipping permits 
a more efficient use of the peak power capability of a jammer transmitter's 
output tube. How effective clipping is depends upon the bandwidth of the 
receiver against waich a jammer {is being used. If the receiver bandwidth 
ls about the same as the nolse bandwidth, clipping can place a ceiling on 
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the deflection of « recording device. If the recelver bandwidth is narrow com- 
pared to the clipped noise bandwidth, the noise signal will appear to be 
gaussian to the receiver and will have the same effectiveness as gaussian 
noise, 


12.8 Look Through 

Once a Jammer has been turned on, some provision must be made to 
monitor the frequency of the radar or radio jammed so that the jammer 
can transmit in the proper frequency band. This capability for monitoring 
the radar or radic signal {s called ‘look through.” “Look through’ presents 
a problem because the monitoring recelver must cope with the jammer 
signal. One way of achieving “look through” is to turn off the jammer 
periodically. There are two variabies which can be changed: the duration 
of the jammer “off” period and the frequency with which this duration 
occurs. How these variables are changed depends to a large extent upon the 
system being jammed, Thus, many looks of short duration might be used 
against a frequency-diversity radar while a single look might suffice against 
a fixed frequency radar. 

Another way of achieving “‘iook through” Is to use correlation techniques. 
If the recelved signal can be correlated with a portion of the transmitted 
signal, that part of the received signal which is due to leakage from the 
jemmer transmitter can be separated from the radar signal and rejected. A 
coaxial cable or a waveguide can be used to furnish an appropriate portion 
of the nolse signal from the jammer to the correlator. If pseudorandom noise 
iz used, it would be possible to use two synchronized linear-sequence gener- 
ators, one as a modulating source for the jammer and the other as a source 
for the correlator, The only connection required between the jammer and 
the correlator would be a line used to synchronize the two pseudonolse 
generators; the connection need not be a coaxial cable or a waveguide. 


12.4 Types of ja-~ ers 

Masking jammers may be placed in the categories of barrage jammers, 
apot jammers, swept Jammers, and swecp-lock jammers. Some jammers 
fall into two or more of these categories by having alternative modes of 
operation. Wideband frequency coverage is obtained by many Jammers by 
using multiple transmitters, each covering a given portion of the spectrum. 
Only the jammer transmitter is discussed in this section. Receivers used 
for detecting the presence and character of signals are discussed In Chapters 
6 and 9. 


12.4.1 Barrage Jammers 
Barrage jammers are wideband noise transmitters designed to deny use 
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of frequencies over wide portions of the electromagnetic spsctrum; these 
jammers may be used against radar and communication receivers. The use 
of this type of jammer {s attractive because a number of enemy receivers 
can be jammed simultaneously or because frequency-diversity radars (or 
other types of frequency-diversity systems) can be jammed without readjust- 
ing the jamming frequency. The type of output tube used determines the 
effective jamming bandwidths covered by barrage jammers. Typlcelly, at 
X-band, a magnetron may achieve 2 15 percent bandwidth, while a car- 
cinotron (a 34-type backward-wave oscillator, Chapter 27) might achieve 
a 30 percent bandwidth. Generally, the pereont bandwidth Is wider at lower 
frequencies; a klystron at S-band may w..¢ a 4 ,ercent bahdwidth while 
another klystron at L-band may have an 8 percent baudwidth. 

The block diagrem of a typical barrage jammer i; . own in Figure 12-2. 

The modulsting nal is wmplified 

et | nolse. The type of u. u...ion de- 

[ts of mem fo me os ines termines whether an rf amplifier or 

an rf oscillator is used for the final 

stage. If frequency modulation by 

nolse Is desired, the last stage might be a voltage-tunable osciliator such 

as a carcinotron. If the cutput desired is noise by amplitude modulatloii, 
the laet stage would be an rf amplifier. 

The advantages of barrage Jjammers are thelr simplicity and their ability 
to cover a wide portion of the electromagnetic spectrum. (The barrage 
Jammer was used widely in World War IT because of its design simplicity.) 
The latter advantage can turn into a disadvantage when the systems against 
which the lammer {s working utilize high-powered transmitters. In such 
cases, the jammer power may not be sufficiently high to effectively mask in 
the receiver the t:ansmitted signals, The trends in radars to high power ana 
frequency diversity have caused designers to seek meana of extending the 
power avd bandwidth of output tubes for barrage jammers. 


Fiovry 12-2, Typical tarrage Jammer. 


12.4.2 Spot Jammers 

Spot jammers are narrowband, manually tunable transmitters which are 
amplitude or frequency modulated by random noise or by a perlodic func- 
tion. These jammers are used to mask specific transmitters from cumnmunica- 
ilons or radar receivers. Spot jammers can deny range and angle infcrma- 
tlon to radars and can degrade the intelligibility of speech or of other types 
of modulated signais in communications receivers. 

A block diagram of a apot Jammer is shown in Figure 12-3. Many spot 
jammers use amplitude modulation by nolse in which at least half the rf 
energy remains In ihe carrier. The output power spectrum of a spot jammer 
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Se can be continuous over a band up to § 
genereer —? percent of the carrler frequency because 
* osciiiators such as magnetrons are fre- 
vasinaner =" quency modulated by the frequency push- 

ing factor. 
| se |S weabon Intercept panoramic receivers must be 
used with these jammers in orde? to 


“set” the transmitter frequency on the 

frequency of the radar or communications 

sets being jammed. A “look through” 
MOC 10nd. Ty REem Opel rome, capability is desirable so that the ‘am- 
mer frequency may be kept on the frequency of the transmitter being 
jammed. How accurately a spot jammer must be tuned to a given frequency 
depends on the bandwidth of the jammer and on the service against which 
the jammer Ia belng used. lf the jammer ape-trum Is narrow and the service 
being jammed is keyed cw, the jammer must be tuned to within a few 
cycles per second. If the jamming spectrum: Is broad and the service belng 
jammed Is radar, tuning to within 0.5 mca may be sufficlent. 

The chief advantage of spot jammers fa that thelr output may be con- 
centrated in a narrow power spectruin. Thus, the jammers have the capablil- 
ity of countermeasuring a radar or communication receiver at longer 
distances than can a broadband or barrage-type Jammer of the same power 
output. Or, for a given distance, a spot jammer can be smaller and lighter 
than a barrage jammer. Since spot jammers can concentrate large amounts 
of power In a narrow spectrum, these jammers have the capability under 
certain conditions of Inserting enuugh power In a receiver to saturate the 
i-? amplifier and to reduce the gain of this ampilifier by ita agc action. The 
conditions Include those of short range and proper orlentation of antennas. 
Where space requirements prohibit tunable receivers as an aniijam feature 
(i.e., (rn VT fuzes and in some missiles), spot jammers can be used to good 
advantage. 

Disadvantages, as well as advantages, arise out of the narrow frequency 
spectrum of spot jammers. An operator must be available to tune the jam- 
mer, The application of apot jamming requires a Jamming transmitter for 
each radar or communication transmission channel to be masked or de- 
graded. The complexity of spot jammers {is increased when they must be 
used against transmitters capable of rapid tuning. Some means of rapidly 
retuning the jammer to the proper frequency must be provided. Power may 
be wasted by concentrating too much jamming power in a single channe!, 


12.4.3 Swept Jamziers 
Swept jammers are transmitters in which a narrowband jamming signal 
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can be tuned over a broad frequency band. These jammers have been de- 
veloped to cumbine the high power capabilities of spot jammers and the 
broad bandwidth of barrage jemmers. Swept jammers can be employed 
effectively against radar and communication receivers. The jemming signal 
is generated In a nerrow frequency band, anc this band is then swept over 
a broad portion of the frequency spectrum. Figure 12-4 is e block diagram 
of a typical tuned swept-jamming transmit- 
ter, The output tube is modulated by nolse 
or by 2 periodic function; frequency or 
amplitude modulation may be used. 

Two factors which ure Important in swept 
jamming are the nolse power per megacycle 
and the aweep rate. The sweep rate, the 
bandwidth of the swept jammer, the band- 
width of the receiver belng jammed, the 
geometric relation between the jammer and 
the receiver, and the characteristics of the 
Froune 12-4, Basle block diagram jammer and receiver antennas ail play im- 

Oe EKapt: Sema: portant roles in determining the dwell time, 
the period during which the jammer nolse is In the receiver bandpass. All 
these factors mus‘ be taken inio consideration {In order to maintain a balance 
between the dwell time and the periods between dwell times; otherwise, 
a swept jammer cari be ineffective. 

Swept jammers combine the advantage of concertrating nolse power in 
a narrow band and cf effectively covering a large bandwidth. Such jammers 
cen be used more effectively than spot Jemmers against radar nets in which 
the various radars are tuned t) different frequencies. Several swept jam- 
mers, sweeping rapid’y at d ff. rates, can with high probability, obscure 
most signals in a given frequine: sand. 

Because of the large numvcr of factors affecting the effectiveness of a 
swept jammer, there must be comprehensive knowledge of the systems 
against which the jammer {s to be used. The swept jammer will also be 
more complex than either the spot or barrage jammers, 
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12.4.4 Sweep Lock-On Jammers 

A sweep lock-on Jammer is a transmitter in which a narrowband jamming 
signal can be tuned over a broad frequency band and the signal locked on 
a particular frequency. This type of jammer is essentially a swent jammer 
with the additional feature of lock-on capability. A block diagram of a typl- 
cal sweep lock-on jammer is shown In Figure 12-5. A receiver and the jam- 
mer transmitter are swept over the same frequency band. When the receiver 
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encounters a signal, the frequency 
aweep is halted, and the jammer 
transmitter acts e: a spot jammer 
at that frequency. By providing 
the jammer with a lock-through 
capa'iiiity, the recelver can be 
made to start sweeping again when 
the original signal being jammed 
disappears. It is well to point out 
here that many jammers are ccn- 
structed to operate in several 
modes, é.e., they are capable of 
Frovate i2-3, Sasic block diagram of operating in spot, swept, or aweep- 

Pewee ae On ener lock modes (References 6, 7, 8). 
Sweep lock-cn jammers can also be programmed in various ways. One way 
ia to sweep the Jammer signal and the receiver over a specified band. An- 
other way !s to sweep the recelver over a specified band until a signal is 
recelved and then to turn on the jammer transmitter at the received fre- 
quency. 

The sweep lock-on jammer, like the spot Jaminier, can concentrate much 
nolse power in a narrow band. In addition, {t can lock on to a second signal 
much more quickly than can a spot jammer. 

The sweep lock-on jammer suffers from the same limitations as the spot 
Jammer. On'y 2 narrow frequency band can be jammed at any time and 
more noise energy than /e required may be concentrated in that oand If the 
jammer js belng used against a receiver oiher than the ones for which the 
jammer had been specifically intended. The automatic tuning feature of 
lock-on jaminers sen cause two or more such jammers to lock on each 
other's transmiscions. Care must be exercised In assigning frequency chan- 
nels to each of the jammers, or circultry must be devised to detect only 
those signals to be jammed. 
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Geometry of the Jamming Problem 


Y. MORITA, D. B. HARRIS 


Ee ETE TS Ee 


The notations employed in the equations describing the relationships applicable to 
various kinds of systema are not fully consistent. Since the various sets of notations 
kave evolved as a result of work done on particular systems, and since each set of nota- 
tions appears particularly suitable for its own system, the terminology is retained in this 
chapter In ls recognised form even though some inconsistencies exist between various 
systems. For example, in the radar jamming problem, the symbol P, is used to represent 
the power of the jamming transmitter and the symbol S$, represents the power denalty of 
the jamming signa! at a point In space measured in watts per square meter. In the com- 
munication jamm'ng case, Si represents the transmitter carrier power of the signal, and 
J, the transmitter Jammer power. 


18.1 Introduction 

This chapter is primarily concerned with the locations of ‘ammers and 
recelvers and the effect of these locations on jamming parameters, Including 
required jamming power levels. The relationship between jammer and signal 
powers for specific geometries can readily be derived for free apace or ior 
ameoth earth. In many cases, the conditions of free space or smooth earth 
ure not met and factors involved in the propagation of radio waves play « 
large part in setting limitations on usable geometric configurations between 
jammers and receivers. 

The Ilmitations are aiso affected by the particular use of the receiver being 
jammed, whether the receiver is being used in radars, in communications, In 
fuzes, or in navigation devices. Four cases, typical of the types of geometry 
problems which are encountered, are considered in this chapter. These cases 
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are airborne radar jamming, search radar Jamming, communications jamming, 
and fuze jamming. In addition, factors, such as the radar cross section, that 
li. rectly affect the geometry problem sre discussed. How propagation eniers 
Into the geometry problem js indicate’, but the nature of the propagation of 
radio waves {js not discussed since this is treated in Chapter 31. 

The factors that determine jamming power ait the recelver are descrived 
in the geometry of the {smmung problem. Equations are readily derived in 
particular geometries and particular Jamming altuatlons for the transmitter 
jamming power required to produce a required jamming power at the re- 
celver. The parameters entering into the equations are not so readily defined 
and must be carefully considered in vach individual problem. As would ve 
expected, the threshold of Intelligibliity or identification must be defined 
differently for each system and for each type of Jamming signal. 

It is useful to define as a standard jamming signal a random fluctuation 
noise which has a gaussian amplitude distribution and a rectangular power 
spectrum equal In width to the ecceptance band of the recelver (page § of 
Reference t). This aszumption allows the utiisation of the results of theo.et- 
ical Investigations an the slgnal-to-nolse ratios in recelvera to obtain a nolse- 
to-signal ratiu, or //S, or equivalent parameter euch as C, used in the -adar 
Jaraming problem, Section 13.2), ut the recelving station. J/5, which will 
be cailed the Jamming threshold for the receiver, defines the ratio of Jam- 
ming nolse power to signal carrier power at which the standard jamming 
signal beconies effective against the target signal. Deviations {n 7/5 from 
the standard value for other jamming signals are accounted for in some cases 
by the efficiency factor, A/,, This factor compares the famming signal power 
required to produce the jamming threshold power level in the receiver to the 
power required of a signal consisting of white nolse of exactly the receiver 
bandwidth. 


13.2 The Fundamental Self-Screening Alrhorne Radar 'amming 
Equation 

In developing the equation for the power required to Jam a radar with a 
nolse modulated signa! at a distance KX from the radar, we first consider the 
power density developed by the radar system at a point in space (Reference 
2). It is assumed herein that the jammer is located at the target and that 
the distance factur which sffecta the attenuation of the jammer asigrial Is 
therefore the same nu the distance factor which affects the attenuation of 
the radar signal, Under these conditions, it is not necessary to consider the 
attenuation from the target to the radar set, and tie calculations can be 
based upon the conditions existing in free space in the vicinity of the target. 
The basic procedure is to select a pulni ? in space fying, in relation to the 
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target, in the direction of tne radar set. At this point, the jamming power 
density must be args enough, In comparison with the power density of the 
echo reficcted frum the target so that when both signals reach the radar set, 
the Jamming signal wil! override and obscure the echo. 

Consider such a point P in apace at a distance p from the target. The re- 
quirement for succeasful Jamming is that, at /, the jamming signal shall be 
related to the echo signal by a factor C, in accordance with 


5, = CS; (13-1) 


where 5S, is the power density of the jamraing signal at F, C Is the ratio of 
jamming to signal power required to produce successful jamming (known us 
the “‘agmouflage” factor) and S, is the useful power denalty of the echo sig- 
nal at point P. S, and S, are expressed in watts per square meter. 
Considering first the quantity S,, it Is seen that this quantity is given by 


S; om BPG ;/4ep* (13-2) 


where B is the bandwidth of the radar réceiver In megacycles per second, 7; 
ic the minimum power output of the jammer, in watts per tnegacycle, re- 
quired jor successful jamming, and G, .s the gain of the jamming transmitter 
antenna In the direction of the rader receiver. Since the total power radiated 
from the jammer Is BP,, the jamming power density at the surface of a 
sphere of radius p centered on the target would be BP,/4mp? If the jamming 
antenna radiated ‘sotropically. The actual jamming power density at the 
surface of the sphere in the direction of the radar set will then evidently be 
BP,/4ep* multiplied by G, az shown In Eq (13-2). Similarly, tne echo power 
density at ? In the direction of the radar recelver is found to be 


S, = P,G,/4ap* (13-3) 
where ?’, is the total reflected echo power radiated from the target and G, Is 


the ‘pain’ of the target reflecting pattern in the direction of the radar set. 
In turn, it is evident that the reflected power /s given by 


P, = SA, (13-4) 
where S, ja the incident power density of the radar signal before it strikes the 


target and «4, !s the effective intercepting area of the target in square meters. 
Substituting Eq (13-4) in (13-3) we have 
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S, aor AG, (13-5) 
and If we let 
AG,=¢ (13-6) 
Eq (13-5) becomes 
p = Sie /4ep* (13-7) 


Now substituting Eq (13-7) and (13-2) in (13-1) we have, as the require- 
ment for succeasful jamming, 


BP Sie 
a = Cj, (13-8) 
BPG, = CS 


Since the incident radar power denaity !3 


ee ioe (13-9) 


where P, |s the peak puise of the radar set, G, is the gain of the radar antenna 
In the direction of the target, g !s a factor taking {nto account the effect of 
ground echoes, and & is the distance between the radar set and the target, 
Eq (13-8) therefore becomes 


8 
BPG, = cites. (33-19) 


which, when & is converted to miles, can be expressed in the form 


0.0308 X 10-°F/Gg8eC_ 


This equation is sultable for determining the jamming power required as a 
function of range. Equation (13-10) can also be written as 


R,. == 0.176 « 10° 


(13-12) 
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a form which Is sultable for determining the minimum jamming range, &,,. 
As a matter of reference, the notation of Eq. (13-6) and (13-7) are now 
defined in the following manner: 
P; Minimum jamming nolse power per mogacycle bandwidth required 
to produce effective jamming at « range R. 
B _obandwidth of the radar rece!ver in megacycles. 
P, effective peak power of radar transmitter (actual generated power 
minus transmission line and other losses). 
G, power gain uf radar transmitter cntenne relative to an {sotrepic 
radiator, free space condition, in the direction of tis target. 
ground reflection factor. (To be discussed in more detail in Section 
13.4). 
Rs diatance in miles. 
R, minimum jamming range in miles. 
¢ cross section of target in square meters. (To be discussed in Sec- 
tlon 13.7}. 
C camouflage factor, the ratio of 1ms nolse to peak pulse power of radar 
for jamming to be effective. (Discussed further in Section 13.5). 
G,; power gain of jamming astenna relative to an isotropic radiator, in 
the direction of the radar. 


18.3 Maximum Detection 
The effect of geometry on the detection range of radars in the presence of 
jamming can also be determined In terms of deterioration in a radar’s maxi- 
mum detection range and the minimum detectable signal. This determina- 
tion is important when considering the capabilities of radazs used in search. 
If a receiver is located at the radar tranamittor sise, as in the case of a 
search radar, p == R, and Eq (13-7) becomes 


S, = So/4eR* (13-13) 


The echo power density S, may be found in terms of the incident pover den- 
sity S; at the target by substituting Eq (13-9) In Eq (13-7), 


_ _PLrgio 
S.= asst (13-14) 


The recelved power depends upun the antenna aperture which in turn is 
related to antenna gain by 


A, == GA¥/4n (13-18) 
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where A Is the wavelength. The rocelved power Pre is the product of the 
antenna aperture 4, by the echo power density 5S,, or 


Prog = ArSp x= PG,g*A8s / (40) ®R4 (15-16) 


This equation may '» solved for range and for minimum recelved power or 
Pre equal to Pain, the maximum detection range, Rmax is 


Ras = y PG, b*A oc / (44) Pats (13-17) 


It is the minimum received power Puie which ls affected adversely by jar- 
ming. Under jamming conditions, this power must be increased to detect the 
echo so that maximum detection range decreases. 

Without jamming, there Ia « signal-to-noise ratio, Pmiu/Ny == 4 which must 
be equaled or exceeded if a target is to be detected. The equivalent input 
noise, V,, has a gaussian amplitude distribution. If the jamming signal {s 
gaussian, it nay be added directly to the equivalent input nolse to arrive at 
a new nolse figure. If the jamming signal is not gaussian, it must be inulti- 
plied by an efficiency factor in order to justify its addition to the equivalent 
input nolse. If the jamming signal multiplied by the efficiency factor {a 
designated by P,, then a new minimum detectable signal ratlo would be 
given by 





P’ wis 
= a — hk 13-18 
Ni + P; ( 
The. relationship between the maximum detectable range and the received 
power under a non-jamming and a jamming environment can be determined 
from Eq (13-16) and (13-18) (page 27 of Reference 2). This relationship is 


Pain (Rivas) (13-19) 


Fonts Rms 
Finaliy, the maximum detectable range R’mss {n a jamming environment Is 


given In terms of the maxinium detectable range it: a non-jamming environ- 
nent by 


Ras — R' mar : 





(13-20) 





a a Teak La ND aR, Sean TARA TL Rs SD NS A, Be OE LT 


GEOMETRY OF THE JAMMING PROBLEM 13-7 


13.4 Ground Reflection Factor, ¢ 

The ground refiection factor, gy, was introduced Into the fundamental radar 
Jamming equations In order to take into account effects resulting from the 
interference between the wave propagated directly to the target and the wave 
reflected from the ground. It is evident that interference between these two 
waves may Increase the field at the target by a factor of 2 or reduce It to 0 
(theoretically), depending on whether reinforcement or cancellation takes 
place. If the beam of the radar fs almed above the horizon and no ground 
rofiection exists, then g = 1. If ground reflection does exist, g may theoreti- 
cally be as high as 2. Since much Information Is now available on this sub- 
ject In the Hterature on propegation, the actual vaules of g to be applied will 
not be discussed further herein, except on a qualitative basis. 


18.8 The Cemouflage Factor, C 

The camouflage factor, as applied to pulse radars, fs the ratio of rms noise 
power to peak signal power required to provide effective jamming (where the 
rms nolse power takes Into account the bandwidth of the receiver). 

To determine the value of C to be applied in specific cases, Haeff (formerly 
with the Naval Research Laboratory), made studies to determine the mini- 
mum radar signal intensity which could be observed in the presence of noise 
using Type A presentation (Reference 3}. These studies resulted in deter- 
injning that the camouflage factor can be represented by the emplrica! ex- 
prezsion, 


. 4 F\A 
C= ree e) (13-21) 


== pulse lengths in microseconds, 
B == bandwidth of receiver in megacycles, 

== pulse repetition rate in cycles per second, and 
K = an experimentally determined factor, discussed below. 

Equation (13-21) shows, as might be expected, that, for a given value of 
B, C becomes smaller as + becomes shorter. As the pulse lengths become 
shorter, the pulse amplitude in the radar receiver becomes smaller due to 
distortions caused by the passband being too narrow, thus making It eaaler 
to override the pulae with a jamming signal. Conversely, as B becomes larger, 
C ulso becomes larger. From this iatter result, it might be expected that It 
would be desirable, from an antl-jamming (A-J) standpoint, to make radar 
bandwidths as wide as possible, to reduce pulse distortion and make C as 
large as possible. However, reference to Eq (13-10) shows that the minimum 
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jamming power required !s also a function of B, and is, In fsct, inversely 
proportional to B. Thus, although an Increase in B increases the pulse ampli- 
tude in the radar receiver, it also increases the noise power accepted, and an 
indefinite increase In radar bandwidth {fe net desirable from an A-J stand- 
point. It can be shown, In fact, by relating Eq. (13-10) and Eg. (13-21), 
that an optimum A-J design resuits when rB = 1, The Wurzburg radars used 
by the Germans during the war actually achieved this optimum, while the 
U. S. sets, In general, had values of rB ranging from 2 to 26. 

The finai factor (F/K)'/*, in Eq (13-21) represents a second order efiect 
since variations in the pulse repetition rate cause chong 3 amounting only to 
approximately one decibel per octave. Both Haeff anu Lawsen studied the 
value of K, determining approximate vaives of K = 1640 and 4 = 490 re- 

. , spectively, Figure 1 ' stows 
the camouflage factor °* & 
function of +B, in accordan. 
with Eq (13-21). 
aii Equation (13-2!) does not 

ati = take Into account the possible 
existence of saturation in the 
recelving system. There {is ex- 
perimental evidence that, if 
the jamming signal is suffi- 
clently strong to produce satu- 
ration, the effectiveness of the 
! | . jamming is Increased. This 
8 a sy bt te a tee «conclusion is based on actual 
“a tests of jamming signals; these 
Ficure 13-! Camouflage factor vs. pulse length  teses showed thet the pip could 
r and receiver acceptance bandwidth B be seen more easily when the 
gain of the recelver was reduced, provided saturation existed Initially. Thus, 
an important A-J measure is the incorporation of automatic gain control 
device functioning on noise. The question of the degree to which such expe- 
dients should be employed has been studied extensively. Data concerning the 
resuits are available in Chapter i4 references. 





13.6 Gain of Jamming Antenna, G, 

The factor G, is one which has been very extensively explored In connec- 
tion with the design of jamming antennas, It may be assumed that the gains 
realizabie under practical conditions will range from 1.64 (the gain of a half: 
wave antenna in free space) to hundreds or thousands depending upon the 
frequency and the use to which the jammer antenna Is put. 
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18.7 The Target Crose Section, o 

The subject of target echoing areas, or cross sections, in itself has engaged 
the attention of a significantly large proportion of the personnel working on 
radar countermeasures. The echolng areas which could be expected !n the 
cese of certain types of aircraft were estimated jn initial studies on thia 
aubject. These estimates were that a medium bember hac an echoing ares of 
50 square meters; a small fighter plane, an echoing area of 5 square meters; 
and a large bomber, an echoing grea of 74 square meters. Since /t was realized 
that these figures were, at best, guesses, contracts were placed with Ohio 
State University for studying this problem, and, in the World War iI pro- 
gram, quite a large number of measurements of echoing areas became avall- 
able es a result of the Ohio activity. As waa expected, the cross section of any 
given aircraft was found ¢o vary by several orders of magnitude as a function 
of aspect. Thus, although the original estimates of c-oss sections were found 
to be accurate for certain aspects of the aircraft, it was realized that it would 
be Impossible to express the echoing area o3 any piven aircreft in terms of a 
single figure. As a result, the cbserved cross sections have generally been 
published In the form of reflecting patterns giving the cross sections at 
various values of azimuth and elevation. 

The selection of a value of the croas aection to be used in a specific case 
requires taking Into account the rapid veriatiorf of cross section with aspect, 
the extreme depth of the minima, and the extreme height of the maxima, The 
rapidity of the oscillations in o for a given target depends on the wavelength, 
and on the separation between nulis (in aspect angle) decreasing as the wave- 
length decreases. Probability considerations enter into the probiem at this 
point. It is obviously not desirable to design a jamming transmitier on the 
assumption that the Jammer should be able to override the radar echo under 
conditions when the radar set lies on a maximum of the strongest lobe of the 
reflecting pattern, In general, this main lobe of the reflecting pattern lies at 
right angles to the longitudinal exis of the aircraft, and In some cases may 
be only 3 or 4 degrees wide, the actual width depending on the wavelength 
involved for the particular target. It seems obvious that it would not be 
economical from an engineering standpoint to dealgn jammers to function 
against this lebe of the reflecting pattern, since the probability of the lobe 
being directed at the radar set might be as smal) as 1 or 2 in 100. On the 
other hand, it is not safe to design jammers to function against one of the 
pattern minima, because these pattern minima are even narrower than the 
maxima and because the variation In cross sectlon between minima and 
‘naxima may be as large as 20 or 30 to I. 

Another prublem entering into the calculations is the question of the effec- 
tive cross section of a group of targets flying in formation. Initial studies 
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made by Van Vleck (Reference 2) and Norton (Reference 4), developed 
probability factors expressing the percent of time during which the effective 
cross section of the flight might be expected to exceed a value determined by 
the cross acctlon of the individual alrplane and the number of aircraft in the 
flight. These results were based on the concept that the resultant signai from 
a flight of alrplanes may be considered to be the resultant of the Individual 
signals added with proper attention to the relative phases (which are ran- 
dom), making the assumption that ‘.> aircraft (4 In number), are spaced 
within half the distance occupla pulse in space. Since the phases are 
random, the extremes are representea narst by the case when all echoes cancel 
and the effective cross section of the filght Is 0, and second by the case 
when all echoes add and the effective cross section of the filght is Af times In 
voltage or AZ” in power that of a single aircraft. In other words, while the 
average effective area of the formation may be expected to be Me, where 
v is the area of a single aizcrait, it is possible for the area of the formation 
to vary from 0 to M*u. It was polnted out that the probability of any given 
formation cross section (3) being exceeded {fs given by 


(15-22) 





Figuax 13-2) Echo on 10 cm from a B-26 bomber as 
function of asim'th 
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where 44 's the number of aircraft in the filght and ¢ is the echoing area of 
the individual aircraft. An examination of this equation shows that ¥ wi!!! 
exceed 2 Mu for 13.5 percent of the time, and 4 Afa for 1.83 percent of the 
tims. Considerable design work has been carried out on the basis that 4Mée 
ls a reasonable value of ¥ for calculations, and that when this value fer ¢ 
is used protection is obtained 98 percent of the time. 

When viewing aircraft flying in formation there will be a distribution in 
aspect around some average aspect (6),¢c) (Reference 5). The angle ¢ is 
measured from the senith and the angle ¢ from the nose of the alrcraft. This 
distribution of aspect can be expected to be essentially gaussian, but restricted 
for the most part to some Interval, for example, from (@.—5°) to (0-+-5") 
and (¢y--3°) to (¢0+-5"). Then at any given instant of time, signala will be 
received from the aircraft which will vary from the relative minimum values 
to the relative maximum values associated with the acattering pattern fer s 
single target in the vicinity of (6, do). If the number of aircraft in the forma- 
tion !s reasonably large, one would expect to receive an average signal per 
aircraft-in-formation that could be de.cribed by a smoothed-out (i.e., aver- 
aged) pattern for the individual aircraft. This means that Intcrest becomes 
centered on radar cross section patterns which represent median values over 
5 degree or 10 degree intervals. Much of the experimental data obtained on 
alrcra’t is presented In this form. 

The nature of the radar reflection patterna to be expected for aircraft is 
iilustrated In Figures 13-2 through 13-7. In Fleure 13-2, the extreme oacll- 
latory nature of the radar cross section pattern as a function of aspect is seen 
This figure is taken from Kerr, (Page $42 of Reference 6). Figures 13-3 and 
13-4 illustrate the manner in which the “average” radar cross section pattern 
varics with frequency. In both figures, cross sections are shown at horizontal 
polarization for aspects confined tc the horlzonta! plane (6 =: 90°), These 
two figures are taken from Reference 7; the firat involves the F-86 and the 
second the B-47, In Figure 13-5, polarization effects are illustrated, The caac 
in question Is the radar cross section of the B-47 aircraft at a wave length of 
4.11 meters; these experiments were conducted by Ohio State University and 
thelr experimencal work on the B-47 plus other experimeniai and theoretical 
work on the B-47 is reported in Reference 2. The manner in which the cross 
section changes with a variation !n the elevation angle can be illustrated In 
terms of the experimental work of Radiation, Inc. on the B-57 (Reference 
9). The coordinate system employed by Radiation Inc. differs from the 
(6, p) syaiem described above and thus their coordinate system ia displayed 
in Figure 13-6, Experimental results for elevatlon angles ranging from) 40 
Gegrees above the horizontal) to 40 degrees below the horizontal are displayed 
in Figures 13-7@ through 13-7e. These expezimental data are expressed in 
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Frever 13-3 Cross section of the F-86 aircraft (experimental). Horlson polarisation 
¢ = 90° 


terms of median and maximum values over 10 degree intervals. It will readily 
be observed from these figures that there are no appreciable changes in the 
patterna for this variation In the elevation angle. 

Reference 7 contains, In tabuiated form, a considerable amount of radar 
cross section data with primary emphasis on the nove-on, broadaide, and tall- 
on aspects, Table 13-I is illustrative of this material. This sample of tabulated 
data includes some of the available Information on the B-47, the Canberra, 
and the F-86. (The Canberra and the B-57 are essentially the same aircraft.) 
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TABLE i3-1, RADAR CROSS-8ECTION DATA 


Polar-| Statle Cw Radar Cross 
Body Equipment| iza- or |Frequency) or Aspect Section 
tion | Dynamic; (mc) | Pulse (eq. 


3-47 Nose-on as 
(medal) AN/APS-3 Static 600 =; Pulse| Broadalda [630 *** 
Tail-on 28 
“47 Nose-on 50 
(model) Yroadside (892 99° 
Tail-on 63 


Nose-on 4;150 
-47 AN/APQ:33 4 «9878 Pulse] Broadside (180;15000 





4586 
B-47 Hybrid T 253280 © 
(model) $131.9 

1328 
5-47 Hybrid T 1,250 © 
(model) 154.8 
Canberrs 31,7 
B-2 cua 260 aes 

14.4 

Nose-on 20.4 














Broadside | $7 9° 
Tall-on 12.2 


a 
B-2 
$6 





F Nose-On 14 
(model) Hybrid T Broadside | 58 
Tell-oa 38 
P86 Nose-on 44 
(model) Hybrid T V Broadside [100 
Tall-on 0.3 
¥-86 Nose-on 12 
(mode!) Broadside /300 
Tall-on 36 
86 2d of y 9.8 
(mode!) Broadsile [S00 
¥-formation »g.1 H | Dynamic 1 (median) 
$ F.36's 
V-fcrmation| TP8-11 iH 10 
5 F-86's 


Veformation|  SP-1b H : t6 (median) 
3 F-86's : 
eee BP.1k H 2850 | Pulasc| Ail 50 


 MK-33 H [ Dynci @380 | Pulse| All. 9.2 








® Median and maximum values in 10° intervals. °* Mean values. 
©? 10° median values, 
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Frournr 13-4 H-47 radar cross section at 0° elevation 
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Fiovan 13-5 6-47 radar cress section, OSU experimental data. @ =< 9C°; A =x 4.23 
meters 





Finurx 15-6 Measurement coordinate system 
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Ficuan 13-7 B-S7 radar cross section exper'mantal measurements 


13.8 Communications jamming 


The following terms are defined for the case of ground-to-ground com- 


munications jamming: 


S; = transmitted carrier power signal, 

S = received carrier power of signal, 

J; = transmitted jammer power, 

Jy =z received jammer power, and 

J = secelved power of standard jamming signal. 


All these quantities are measured at the antennas (Reference |). 


For the geometry In Figure 13-8, the following two equations may be 


written: 
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(13-23) 
Frovaz 13-8 Geome- 
try for communications and 
Jamndeng 
fyuJ,\at=| Gey Od’ (13-24) 
ge ET awry ce j ; 
where 
G, == galn of tranamitting antenna, 
G, = gain of jammer antenna, 
G, == gain of receiving antenna, and 


G,; (6) == relative gain of receiving antenna In the direction of 6. 

All gains are maasured relative to an Isotropic radiator. 

A, and Ad, are path factors, terms which account foy the discrepancies Ls- 
tween free space values and actus! valucs of the field intensities. These path 
factors, which depend upon propagation coniiticns, must be determined for 
each individual case. 

If the jaroming signal is restricted to the white noise standard, then Eq. 
(13-23) and (15-24) yleld the ratlo of the transmitted jammer-to-signal 
power is a function of J/S, where //S, the jamming threshold, depends only 
on the cheracteristics of the recelver (including the operator) and the type of 
signal being received. For J, == J, 


IN Sf 4 — GG, )f_A | (13-25) 
a9 ri aes | | | 


The actua! Jamming signal may difler considerably from the white noise 
standard assumed above. In this case, the threshold J,/S would in genersl 
also depend on the particular type of Jamming signal employed as well as the 
characteristics of the signal and the recelver. The efficiency factor M4, can be 
used to account for the relative effectiveness of practical Jamming signals as 
compared to the white noise standard so that a new J/S need not be defined 
for each jamming signal. For the actual jammer, Eq. (13-25) becomes for 
the threshold, 


me ine ed ie 
Ss, ~ S§ 1 GjG,,(@) L Ay M, | (13-26) 
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where AM, is usually less than unity but may be greater than unity in par- 
ticular cases and J/S is defined on the basis of white noise and {s independent 
of the type of jamming signal. 


13.9 Radio Proximity Fuic Jamming 

The geometrical picture of the fuze Jamming problem ia more complex than 
those of the communications and radar problems. In the fuze jamming prob- 
lem, propagation effects, however, are confined to those which affect trana- 
mission characteristics at short ranges. 


The doppler proximity fuze functions upon approaching a target when the 
reflected signal reaches a specified fraction of the rad‘ated signal. The re- 
flected signal appeara to the fuze to be at a alightly different frequency from 
the radiated signal due to the motion of the fuze toward the target. This 
doppler difference in frequency (a few hundred cycles) appears aa a relatively 
low-frequency amplitude modulation, The dopplur frequency variation Is 
amplified and, upon reaching a certain prescribed level, fires the fuze. 

Jamming a fuze {s accomplished by presenting [t with a Jamming signal 
stronger than the actual reflected signal before the missile reaches its targe’. 
Fuzes can be made to discriminate against certain types of Jamming signals; 
so that the effectiveness of a jamming signal must therefore be described for 
a particular fuze. The calculation of the total power requirements for any 
given tactical situation depends primarily upon the number of Jammera re- 
quired to cover the expected fuze frequency band and the power required for 
each jammer to perform its function, This Jatter quantity involves the char- 
acteristics of the fuze and Jammer, the trajectory of the missle, and the target 
to be protected. 


Although .:veral Jummers may be required to provide protection over the 
entire frequency range, it may be assumed that sufficient power can be given 
to one jammer to cover one intervas of that range. It will be this power per 
interval that wlll be referred to in the following discussion. This power {s 
determine » che geometry of the target to be protected, the physical pro- 
perties of the attacking weapon, and the countermeasures device. 

The effect of geometry on the operation of fuzes has been considcred for 
many cases including use of fuzes against airborne targets (Reference 10) 
and use of fuzes against ground targets. The following discusston fs concerned 
with ground targets, The term protection refers to the prefunctioning of fuzed 
missiles on or above the horizontal plane (the ceiling) at a specifled vertical 
distance (ceiling height) above ground. Level greund {is assumed. At any 
point on the ceiling the field strength measured by tne juze, catled the 
effective field strength, nvust be sufficient to jam the fuze. The locus of points 
at which the effective field strength is equal to the jamming field strength is 
called the burst surface. 
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lor protection of a ground area, the burst surface must intersect and ex- 
tend above the celling, thus intercepting a certain ceiling area, in which the 
requirements of celling height and sufficient ticld strength to jam the fuze 
are both met (Figure 13-9). The intercepted ceiling area and the burst 
aurface above the ceiling area projected along the missile trajectory onto the 
ground determine the protected area and the shadow area respectively. Both 
areas provide protection, When the missile comes straight down, the shadow 
area merges into the protected area. (Reference i1), 
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Fiovax 13-9 Celllng area, ground area protected by It, 
and additional shadow arca 


Jamming power as a function of geometrical conditions depends upon the 
radiation patterns and polarization of both the jammer and the fure antennas; 
it must be determined separately for each basic jammer-fuzxe antenna com- 
bination. In general, the method is not analytic but requires graphical or 
numerical computation. (Reference 12). The following antenna combinations 
have been considered in a study by the Electronic Defense Group of the 
Engineering Research Institute of The University of Michigan (Reference 
11): 
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a) Vertical jammer antenna, longitudinal fuze excitation, 

b) Horizontal jammer anterina, longitudinal fuze excitation, 

c) Vertical jammer antenna, transverse fuze excitation, 

d) Horizontal jammer antenna, transverse fuze excitation, 

e) Discone antenna with a corner reflector, longitudinal fuze excitation, 
{) Discone antenna with a corner reflector, tranaverse fuze excitation. 

A typical example of the results of 
calculations is shown in Figure 13-10. 
The missile is acting as the fuze en- 
tenna and is longitudina., -xcited. 
The AS-$42 discone antenna wit. 
corner reflector is assumed for the 
jammer. In this example, the normal- 
ized protected area is shown for a 
missile arriving from the negative X 
dizection at an angle of 30° with the 
«a X-Y plane. K, is a normalizing para- 
meter and Z is the height of the cell- 
ing area (Figure 13-9) above the 
Fiaune 13-10 Protected area-—AS-542 dis- ground plane. The protected area is 
cone antenna with corner reflector, longl- the projection of the ceiling area on 

MENG) FU ROMAN the ground. Shadow area, also cov- 
ered, is the projection on the ground of the burst surface above the ceiling. 
Note that in Figure 13-10 the covered areas are snifted to the right of the 
Y axia since the fuzed missile in coming fram the left. Also note that the 
area occupled by the jammer {a not covered. 

Z is generally chosen to be 1000 feet. If Z/K, is chosen to be 0.1, the 
distance between the circles in the X-Y plane is 1000 feet also. If 2/K, is 
chosen as 0.05, the distance betveen the circles is 2000 feet. The 0.05 and 
0.1 values of 7, AX, lie within the range of values to be expected from a swept 
jammer like the AN/MRT-4 (the AS-542 discone antenna la used with this 
jammer) which Is used sgeinst howitzer shells. 
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13.10 Other Aspects of the Geometry of the Jamming Problem 

The airborne jamming problem discussed In Section 13.2 exemplified the 
method of attack required in most problems Involving the calculation of 
jamming power or minimum jamming range. It is, however, a special case in 
several respects. In the first place, the assumption ls made that the jammer is 
carried in the aircraft being screened. Second, the effect of the ground is con- 
sidered only in @ qualitative manner, Third, the reaults are dependent on the 
assumption that the target, belng smali in extent, occuples cniy « fraction of 
a lobe of the radar antenna beam. 
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Kuhn and Sutro made a more exhaustive and precise study of the jam- 
ming problem In Report 411-93, ‘Theory of Ship Echoes as Applied on Nava) 
RCM Operations” (Reference 13). This report was intended to apply only to 
the screening of ships, and much of the rather complete analyses contained in 
it was necesaitated by the fact that the assumptions of the airborne case 
cannot be used; nevertheless, much of the information In Reference 13 Is 
applicable to the jarnming problem in general. In particular, Kuhn and Sutro 
have developed relationships which permit ths target to intercept more than 
one tobe of the radar antenna. ‘Chese relationships take precise account of the 
interference between the direct ray and the ground reffected ray, and also 
cover the case when the jammer is not carried in the target. 

Another type of geometry problem wiiich was not discussed in this chapter 
is the determination of the area or volume of protection afforded by a mul- 
tiple number of jammers. As examples of this type of proh'em, the use of 
Jammers egainst artillery shells (Reference 14) or the use of jammers by 
alrcraft flying in formation against alr-to-alr missiles may be considered 
(Reference 10). In these cases, the patterns of the jammers’ antennas, jam- 
mer powers, the spacing between jammers, the direction of arrival of the 
missile, and terrain features (1f applicable) must be taken into account. 
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Effectiveness of Jamming - _aale 


R. H. BENNIGHOF, H. W. FARRIS, L. K. LAUDERDALE, 
R. H. RICHARD, T. A. WILD 


34.1 General Considerations Regarding Jamming Effectiveness 


14.1.1 The Concept of Jamming Effectivenese 

In order to give a useful meaning to the concept of Jamming effectiveness, 
it is necessary to specify the environment and conditions under which the 
jamming effort Is being pursued. Although It Js conceivable {nat ' ‘eld situ- 
ation may exist whereln one Jammer is directed against ons par .cular elec- 
tronic equipment, in general the ECM picture Js not so s:.° ple. In most 
situations a vast array of ECM equipment is directed against a complex 
electronic system which Includes, for example, rad!o communication channeis, 
search radars, and tracking radars. 

bviously it would be impossible to predict precisely the over-all effective- 
ness of ECM in a situation of this nature. It would require thorough knowl- 
edge of many complex factors such as personnel training, merale, fatigue, 
weather conditions, etc., in addition to the purely electronic factors. It seems 
neceasary therefore to evaluate jamming effectiveness in terms of the reiative 
success of a jamming technique against a specific class of electronic equip- 
ments. This evaluation Is aufficlently general to give guidance in the selection 
and apportionment of jamming equinments, the choice of which Is also based 


cn knowledge of the electronic system that is to be jammed and the prevail: 
ing tactical situation. 
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14.1.2 Obscuring versus Deceptive Signals 

In the usual sense of evaluation of jamming effectiveness, we refer to a 
measure which does not Involve saturation of the enemy’s channel by brute- 
force techniques. That ‘2, while his signa! may be overwhelmed, his receiver 
is not. Jt is usually necessary to be more sophisticated, partly because he '- 
likely to have « distance advantage to begin with and may, in addition, be 
using & transmission method which gives him a peak-power advantage. For 
example, the frat case usually obtains in the communication situation where 
the jammer cannot hope for more than equal footing; |.e., both the jammer 
and the target transmitter encounter the same path attenuation when radi- 
ating toward the recciver, Again, in the radar case, the target faces the 
Inverse fourth-power law of attenuation while the jamimer, with its one-way 
transmission, may enjoy the inverse square law, However, as an illustration 
of the peak-power advantage, the latter example must be examined again, 
for the rader may use a high peak power with a low duty cycle, where the 
jammer may very well have ‘o operate on a continuous basis. 

The above considerations lead us to examine means by which we may best 
make use of our available jamming power, assuming thet brute-force type 
powers will not be avaiizble to us. There are two distinct ways in which the 
enemy can be denisd effective use of his electronic equipment. The first 
method, called obscuration, consists of transmitting a jamming signal of such 
power and composition that the enemy's electronic data will be completely 
submerged in the Interference. In the other method, called deception, the 
jamming consists of false signais that have similar characteristics to the 
enemy's electronic transmissions. These deception signals either cause the 
enemy to select the wrong signal, or saturate his facilities to the extent that 
1:0 sound choice can be made. 

Obscuration techniques, which deny «ll electronic information, except per- 
haps the fact that a jammer [s operating, are clearly more desirable from 
the standpoint of completely nullifying the enemy's use of electronic equip- 
ment. However, assuming that the enemy's electronic systems make Intelli- 
gent use of frequency and espace diversity, it wiil not. because of practical 
limitations Introduced by the power, weight, and quality of jamming equip- 
ment required, be possible to rely on obscuration techniques alone. Decep- 
tion techniques can be expected to play an important part in most jamming 
efforts. 


14.1.3 Laboratory Evaluation versus Field Evaluation 

The evolution of an idea for a jamming equipment is usually followed by 
a paper study to determine feasibility and optimal design. After the equip- 
ment has been constructed there arises the question of how to evaluate its 





f 


EFFECTIVENESS OF JAMMING SIGNALS 14-3 


ability to perform the intended function. Since the device is ultimately to 
operate against electronic equipments under field conditions, it would eppear, 
at first perusal, that the only realistic way !n which the performance of jam- 
ming equipment can be determined is by field evaluation. In general however, 
because of the man, practical difficulties encountered in field evaluations, it 
is necessary to combine both laboratory and field evaluations to lisure ade- 
quate measurement of the characteristics and performance of jamming equip- 
ment. 

In field testing it frequently becomes extremely difficult to separate the 
effects of many related factors on jamming effectiveness. The compilation of 
sufficient data to gain a thorough understanding of all of the factors related 
to equipment performance often tecomes impractical In view of the expen- 
diture of time and money required. By the use of simulation techniques, it is 
normally possible to study jamming equipment performances in the laboratory 
with a precision that is virtuatly impossible in the field. Information sbd- 
tained in laboratory studlee can then be used to design a realistic and 
efficient field evaluation program. 


14.1.4 Relationship Between Jamming Effectivences and Suscep- 

tihility to Jamming 

A natural consequence of the development of a catalog of jamming sig- 
nals and their relative effectiveness measures is a determination of the sus- 
ceptibility of certain equipments to jamming. It might at first appear that 
the logical organization to determine jamming effectiveness is also the one 
to establish the measure of susceptibility, While this may be an economical 
move, it is one which may be a handicap to the entire assignment. 

To determine the effectiveness of various jamming signals, the engineer 
would like to have available to him a “universal” receiver. I: is representative 
of all receivers and does not embedy the pecullazities of any one. It has large 
dynamic range, is linear where it should be so, does not suppress weak signals 
or noise in any other than theorecical fashion, receives all types of signals 
and demodulates them in an optimum manner and permits variation of Its 
paratneters, auch as gain, bandwidth, time constant, and the lke with com- 
plete flexibility. With the receiver in hand, he is free to compile a catalog of 
the relative effectiveness of a wide variety of jamming signals, knowing that 
thelr ordering will be independent of any receiver pecullarities. Then, with 
such a catalog of signals and the appropriate modulations available, he is 
prepared to determine the susceptibility of less-than-ideal receivers to the 
various Jamming transmissions which caa be impressed upon thelr antenna 
terminals. 

In the absence of the universal receiver, or ideal receiver, the specification 
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of both jamming effectiveness and susceptibility of recelvers to jamming be- 
comes an ‘If-then” proposition—‘// our recelver and target signal para- 
meters are as given, then the effectiveness of FM-by-aolse jamming signal A 
is three decibels better than AM-by-nolse Jamming signal A.” Or, “Tf an 
FM-by-nolse jamming signal A of x-kc deviation at v-kc modulation band- 
width is used, then our receiver, when tuned on frequency to signal B shows 
a higher degree of susceptibility than when 2ubjected to AM-by-nolse jum- 
ming signal A.” Such expressions and qualifications lead one to present his 
data In the form of curves, rather than strive for an unrealistic single num- 
ber, The situation is not unlike that of a manufacturer-customer selationship 
in an equipment transaction. As can readily be appreciated, a manufacturer 
does not present a number which evaluates the equipment In terms of a par- 
ticular use the customer has for the product. Rather, he presenta a set of 
data which permits the customer to calculate the value of the product for 
his own use, Such should be the case In presentations of studies of both 
jaraming effectiveness and susceptibility tc jamming, but the clear specificc- 
tion of the conditions is mandatory because of the very complete inter- 
dependence of the one study on the other. 


14.2 The Search Radar Jamming Problem 


14.2.1 Introduction and General Commenis 

Since the end of World War II there have been many technelogical ad 
vances that have contributed to the Improvement of search radar perform- 
ance, Microwave power sources capable of Increasing the radar radiated 
power by orders of magnitude have been developed. Also, basic radar clr- 
cultry and components have been vastly Improved in both performance and 
reliability. New circuits have been added to enhance the flexibility of radars 
operating in a variety of Interference and jamming environments ana to 
Insure optimum processing of radar data. However, the most significant 
single new search radar innovation, with regard to decreasing vu'nerabllity to 
electronic jamming, has been the acquisition of a rapid tuning capablility. 

Formerly the problem of jamming a search radar was relatively simple, It 
was only necessary to tune the jammer to the radar frequency and transmit 
relatively little power to achieve successful Jamming. The radar was con- 
strained by the Inherent characteristics of its microwave power source to 
remain at a fixed frequency: consequently all of the jamming power could be 
concentrated in the radar receiver bandpass, thus producing a large jam- 
ming-to-signal power ratio, Under these conditions of “brute force” Jamming 
the type of jamming waveform employed was of little consequence and was 
usually chosen according tu convenience of jamming equipment design, 
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Now, the frequency agility of modern search radars requires that the 
jamming power be distributed over the entire frequency-operating range of 
the radar in order to jam successfully. This means that the actual Jamming 
power in the radar passband has been reduced by a factor of several hun- 
dred. The jamming to signal ratio in the radar receive: has alay been reduced 
accordingly, with Increased radiated radar power resulting {n an even fur- 
ther reduction. 

From these consideratious it {s clear that the choice of an optimum jam- 
ming waveform Is central to the problem of maximizing jamming effective- 
ness. In general it can be stated that the Jamming waveform must satisfy 
three essential conditions in order to produce successful jamming: (1) suffic- 
lent power, (2) uniform frequency coverage, and (3) a time structure of 
sufficient complexity to obscure tailet echoes or to produce numerous false 
targets that can not be distinguishea from the true target echo. 


Theoretical Evaluation of Jamming Effectiveness, Ii was pointed out 
in 14.1.1 that a comprehensive avalysis of the jamming effectiveness prob- 
fem is virtually Impossible bev.sse of the many Interrelated influencing 
factors. Thia does not mean, however, that theoretical analyses can not 
prove extremely useful in providing an understanding of how various 
parameters influence ECM effectiveness. It is inconceivable that an experl- 
mental investigation could be conducted, even in the laboratory, in a finite 
amount of time that would produce complete data concerning the effective- 
ness of all possible modulations against a search radar system, ‘Therefore it 
ja imperative that mathematical models of the jamming problem be con- 
structed In order both to guide experimental studies along fruitful paihs and 
to interpret the significance of experimental data. 

The problem of detecting radar signals in gaussian (or receiver) noise has 
been treated by Lawson and Whienbeck in Reference 1, Marcum in Refer- 
ence 2, and others. Hok (Reference 3) has applied the principles of infor- 
mation theory to the Jamming problem to show that maximuin equivocation 
of the radar receiver's output Is obtained using bandiimited gaussian noise. 
In order to bring in the decision process explicitly, which is central to the 
problem cf radar detection, the methods of statistical decision theory (Re- 
ference 4) must be applied. Here a cost criterion fs chosen, and the optimum 
jamming signal js defined as the one that maximizes the average cust of the 
decision thet the observer makes when subject to jamming (Reference 5). 

It has been stated previously that, in addition to the power and frequency 
spectrum of the Jamming algnal, the time structure of the jamming wave- 
form is directly related to Jamming effectiveness, The former two properties 
are adeauately described using second order statistics, as, for example, will 
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be seen in the calculations in 14.2.4. However, since spectral analysc does 
not preserve the phase information which {s closely related to **.2 waveform 
time structure, a further muthematical description of the jamming ..aveform 
is needed, Middleton has suggested the use of complexity measures propor- 
tlonal to the natural logarithm of the probability densities (Reference 5). 

When a humen operator /s employed as the decision making apparatus, 
as cppored to an automatic search radar system such as SAGE, the rather 
indeterminate nature of the eye-brain process in the observer makes a com- 
plete theoretical analysis impossible. I¢ is necessary tc supplement the mathe- 
matical description of the man-machine system with data from carefully 
designed experiments. Acccidingly It will be useful to review the easential 
features of zome psychological studies jn starch radar visibility, 


Psychological Studies of Seerch Radar Vistblity. A rather complete survey 
of numerous psychological studiea related to the search radar visibility 
problem has been compiled by Baker and Thornton, and Williams (Refer- 
ences 6 and 7) has raviewed research in radar visibility using both deflection 
modulated and intensity modulated displays. An analysis of che mejer 
factors afiecting visibility on intensity modulated radar displays was given 
by Morgen (Reference 8}. This section wiil be concerned primarily with 
considerations advanced in the latter reference. 

There ave many variables that affect the appearance of the radar display, 
such as pulsewidth, pulse repetition rate, jamming spectrum, antenna beam- 
width, antenna rotation rate, cathode ray tube (CRT) bias, etc. However 
the observer is not directly cencerned with these variables. His objective is 
to detect a target in the resulting display; consequently the visual factors, 
which include background brightness and composition, Incremental target 
brightness, and target size and duration, will directly determine the obser- 
ver’s detectability threshold. 

Assuming that the display background Is relatively uniform (this would 
be the case for obscuration Jamming), the task of the observer becomes one 
of brightness discrimination. The target produces an incremental brightness 
Al, which adds to the background Intensity 7. The threshold is conveniently 
expressed In terms of the ratio of A/ to / for a particular /, Because of the 
large range of this ratio, the Jogarithm of (A\///) is used. A set of curves 
depicting typical brightness discrimination threshold is given in Figure 14-1. 

The background brightness of a cathode ray tube Is a direct function of 
the tube bias. Figure 14-2 (Hustrates this relationship at the time of peak 
excitation and at a time one-sixth second later. When a signal is applied to 
the grid of the CRT, it produces a change in the bias voltage for the dura- 
tlon of the signal pulse, and thereby produces an incremental brightness A/. 
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With the ald of Figure 14-2 a curve can be constructed, Figure 14-3, which 
shows the relationship between AJ// and the signal voltage on the grid of 
the CRT. The curve In Figure 14-2 for a time one-sixth secund efter peak 
excitation was used in constructing Figure 14-3, because the eye reaction 
time for maximum sensitivity in on the order of one-sixth second. 

Perhaps the most important varlable affecting target detectability, over 
which the operator has control, js the CRT blas. As may be seen in Figure 
I4-{, the human eye detects increments in brightness more readily nas the 
background intensity is increased. On the other hand, 't may be seen from 
Figure 14-2 that as the blas becomes less negative (corresponding to In- 
creasing 7) the slope of the curve, which Js a measure of inctemerital bright- 
ness A/ per unit target signal voltage, becomes smaller, Thus, detectability 
at low Intensities Is impaired by the characteristics of the eye, and at high 
Intensities by the characteristics of the cathode ray tube. 

Assuming a given target slze (the size will depend on antenna beamwidth, 
turget pulsewidth, target range, ond the distance of the eye from the scope 
face) a plot of detectability versus CRT bias can be constructed, This {s 
done for targets of three different sizes on Figure i4-4. It cun be seen that 
an optimum CRT bias, which depends somewhat on target size, exists, The 
calculated curves of Figure 14-4 compare quite well \.ith the experimental 
data given In Reference 7, Noise jamming which produces uniform back- 
ground brightness will cause the actual optimum bias to be shifted In pro- 
portion to the rms value of the noise, 

Other Important radar parameters that affect the brightness of the cathode 
ray screen ure the antenna rotation rate and the pulse frequezcy, In order 
to produce a uniform background these two parameters must be compatible, 
that Is, the pulse repetition frequency must be sufficiently high for a given 
antenna rotation rate so as not to produce spokes on the screen. The back- 
ground brightness will vary inversely with the antenna rotation rates, and 
will be directly proportional to the pulse repetition frequency. By referring 
to Figure 14-2, which corresponds to a repetition frequency of 600 pps and 
a rotation rate of 10 rpm, one can calculete the effects on / of changes in 
the repetiticn frequency and rotation rate. Having determined the bright- 
ness inthis manner, the required value of log (A///) may be found. 

Target pulsewidth and antenna beamwidth enter the detectability problem 
through thelr effects on the target size. By using methods similar to those 
of the preceding paragraph, the effect of these two parameters may be cal- 
culated, 

From this brief description of psychological atudies of radar visibility, {t 
can be seen that considerable progress has been made in gaining an under- 
standing of factors governing a radar operator's performance. Under certain 
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conditions detection thresholds can be predicted with recsonable accuracy. 
However much work remains to be done in studying the effect of nolse which 
produces a nonuniform background. In this connection, the notion of com- 
plexity measures, referred to carller, may prove beneficial in apecifying Jam- 
ming nolse In terma of the display it produces. 


14.2.2 Types of Obscuration Jamming 

Obscuration Jemming signals can be conveniently ciassified according to 
the ratlo cf the jamming signa! bandwidth to the acceptance bandwidth of 
the victim radar. If the ratlo is large the signal is called barrage jamming; 
If the ratio fs small the signal fs called spot Jamming. Spot Jamming sources 
will not be discussed here, since they would not be effective (even when 
controlled by rapid sutoriatic search-and-iock equipment) egsinst modern 
search radars having pulse-to-pulse frequency-snift capabilities, As men- 
tloned before, it is not practical to cover the spectrum with barrage jamming. 
However, broadband barruge jammers can be provided with electronic 
tuning, and one or more jammers can be deployed In frequency so as to 
best meet the existing search radar threat. 

The class of barrage Jamming signals can be further subdivided according 
to whether the modulation is periodic or random, Periodic modulations are 
unreliable because of the Iikel’hood of synchronism or near synchroniam, of 
unknown phase, between the jamming and echo signals in the victim radar 
receiver, ‘The performance of random jamming {is thus more accurately 
predictable than that of periodic jamming. Furthermore, a sufficlent lacrease 
in Jamming power will nearly always suffice to obscure the target echoes {f 
random jamming ts used, but not if periodic jamming le used. 


Random Barrage Jamming Signais. The malor random barrage Jamming 
signals of established general effectiveness against search rudara are direct 
nolao ainpiifled (DINA), FM-by-noise, and AM-by-nolse. In addition, 
random pulse amplitude modulation can ve applied to any of these signals. 
The salient features of each of these signals are discussed below. 

Direct nolse amplified is simply bandlimited gaussian noise, Since we are 
discussing barrage sources, it Js implied that the spectral density Is nearly 
conatunt over the victim receiver's passband; for practical purposes, then, 
DINA may be considered to be “white’’. Since it is the same as thermal 
agitatlon nolse except for power level, its jamming effect Is a large Increase 
in recelver nolse figure. DiNA Is the classical form of jamming, and has the 
most general utility of the known jamming signals, Aithough it may not be 
the best Jammer in any specific situation, it {s a good jammer in nearly all 
situations, In practice DINA is generated by amplifying !ow fevel noise 
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thet has been filtered to obtain the desired jarmming frequency spectrum. 
The output stage consists of a power amplificr of the traveling wave or dis- 
tributed amplifier type. 

Frequency modulation by nolse is best discuased after categorizing into 
FM-by-WB (wideband) nolse and FM-by-LF (low-frequency) noise. The 
jamming mechanism fs quite different for the two cases, as will be shown 
in the analyses of 14.2.4. 

Frequency modulation by WB nolse attempts to produce the same reault 
as does DINA, using a rapidly tunable power oscillator, such as the back- 
ward wave oscilietor (BWO). A critical comparison of the relative merits 
of power amplifiers versus power oscilletovs ns barrage jamming sources will 
not be attempted here. Selection of the beat Jamming source will obviously 
depend on such factors as the relative size, weight, cost, end reliability of 
the power tubes that are avallakie In the frequency range of interest. It fs 
cf interest, however, to Investigate the mechanism by which FM by nolsc 
techniques can be used to produce Jamming that Is essentially indietinguish- 
able from DINA at the output of & given radar receiver, and to deter- 
mine the requirements that must be placed on the FM mcdulation parameters. 
Each time the frequency modulated carrier sweeps across the victlin’s pass- 
band, the victim recelver’s filter circuits are set to “ringing” by the impulsive 
character of the input. If the modulation ‘s random, then the recelver input 
is a random time series of short pulses. If, further, the average frequenry 
of these pulses is much greater than the victim bandwidth, then the condi- 
tlons for the Central Limit Theorem are approximated, and the output of 
the receiver filter (usually i-f) is very nearly gaussian in its first order 
stutistica. Thus, one expects ihe i-f output for FM-by-WR nolse to be the 
same as for DINA. 

srequency modulation by LF noise uses the same microwave sources for 
its generation, but restricts the modulating nolse bandwidth to be much less 
than the victim bandwidth. Thus, the ringing caused by one receiver crossing 
is usually nearly over before another crossing occurs. The |-f output wave is 
therefore a rando:n tune series of distinct pulses whose duration is approxi- 
mately the reciprocal bandwidth. This jamming, when directed against searc 
radars, exhibits two principal advantages and one principal disadvantage. It 
hay increased effectiveness because the ordinary radar second detector pro- 
duces more video power for a given i-f output (or recelver input) power with 
FM-by-LF noise than with FM-by-WB noise or DINA. Thus, this source 
is more efficient in producing video jamming than are the others. Also, a 
given video power is more effective in jamming small target displays on a 
PPI if FM-by-LF noise is used. This may be associated with a confusion 
effect caused by the resemblance of many of the bright spots to small target 
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echoes. The principal disadvantage of FM-by-LF nolse {se that !t is relatively 
easy to counter, since the jamniing is discontinuous even at the receiver out- 
put, and many or most cf the target echo pulses are free of jamming If ob- 
served in zeul time. 

Ampiitude modulation by nolse enjoyed considerable early uss3¢, and 
approximates DINA in effect. However, it !s difficult to precuce a broad 
barrage, since the freouency coverage from a single AM-by-nolse source is 
iimited to twice the bandwidth of the modulating nolse. 

Ii, randomly pulsed barrage (RP3) jamming, a background level of jam- 
ming is maintained, and the level is increased by the pulse modulation. The 
duration, amplitude, and spacing of the modulating pulses should be varied 
randomly to prevent easy countering by the victim. The average jamming 
pulse duration should match that of the expected victim radars, and the 
average jamming prf must be much greater than the radar prf. The barrage 
jamming signal before pulse modulation can be either DINA or FM-by-WB 
nolse, 

RPB jamming achieves high effectiveness due to the intermittent charac- 
ter of the jamming in the victim receiver output, In the came manner as 
FM-by-LF nuise. In addition, it is difficult to counter since the background 
jamming {ie continuous. This Jamming technique is best applied by pulse 
medulating in a tube having a higher peak than average power rating. 


14.2.3 Experimental Methods 

As discussed In 14.1.3, ‘he complexity, expense, and inaccuracy of field 
testing often necesaitates laboratory simulation testing of jamming effective- 
ness. This is particularly true when a human operator Is the decision making 
link, as in the case of search radar using PPI display. Accordingly, /t will 
be valuable to discuss experimental methods of evaluating the effectiveness 
of barrage jamming signals againat PPI search radars. 


Fractical Criteria for Jamming Effectiveness. The first problem in design- 
Ing a test is the establishment of a practical criterion to use as a measure 
of jamming effectiveness. As mentioned before, the enormously compll- 
cated electronic warfare situation in a hot war environment forces one 
to the artifice of studying conflicts between a single target-borne jammer 
and a single radar. For this case, a reasonable effectiveness criterion from 
the jammer designer's point of view is the jamming power required to 
reduce detection probability to a given value. In fact, the entire func- 
tion relating required power and detection probability is even more useful. 
Of course this power is also a functlon of target characteristics, jamming 
antenna gain, range, and radar parameters. The first three of these vaii- 








14-12 ELECTRONIC COUNTERMEASURES 


ables can be eliminated from consideration in the laboratory by substl- 
tuting radar input signal-to-jammer (S/J) ratie for jamming power, as a 
criterion, We have then for a criterion for jamming ratios of signal effective- 
ness against a particular radar, the ratios of a signal power to Jamming power 
(per megacycle) at the receiving antenna, corresponding to various values 
of detection probability. To Insure reproducibility and comparability of 
test results, the test conditions, including selection and conditioning of ob- 
servers, must also be specified. These conditions will be discussed later. 

Since detection thresholds are involved in the effectiveness criterion 
selected, then In effectiveness testing the methods used by psychophysicists 
in determining sensory perception thresholds are applicable (Reference 9). 
The experiment should proceed from easy to difficult In discrete steps, and 
the forced choice method, where the observer is not permitted io reply “I 
don't know”, has been found necessary for repruducibiiity of results, In 
addition, care must be taken to select test conditions which are reproducible. 
and to be consistent In these conditions. Descriptions of teating details form 
an Important part of the final data. 

Aa will be seen, further artifices are dictated by experimental convenience. 
These, added to the complexity and variability of even the simplest fleld 
situations, make it impractical te attempt accurate predictions of jamming 
perfurmances on an absolute basis, What are more within reach are esti- 
mates of jamming performance relative to some standard signal. Its ver- 
satility and the large volume of data on its performance lead to the selec- 
tlon of DINA for that standard source. So we measure, principally, refailve 
jamming effectivencss between different sources, This fs expressed as the ratio 
of Jamming power levels for equal detection probabilities. 


Test Conditions and Procedurcs. In the development of a testing pro- 
cedure, It remains to adapt the selected effectiveness criterion to the realities 
of the laboratory. The duration of the jamming tests must be minimized 
for two reasons, First, a progressive jamming test is fatiguing to a con- 
scientious observer, Second, the cost of Gata In terms of manpower and 
equipment is high (though stili much lower than the cost of equivalent field 
test data). The designer of a jamming cffectiveness experiment ia called 
upon to make a very careful compromise between cost on the one hand and 
accuracy and realism of the data on the other hand. 

In a conflict between a single target-borne fammer and a single search 
radar, the jammer’s mission is to obscure range Information, since azimuth 
information is provided by the jamming source. In a forced-choice simula- 
ton experiment, then, it would be natural to fix the target azimuth, and to 
require the observer to state at which of several possible range positions the 
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target is located. However, on a PPI the detection probability varies with 
range, pecause of the variation of spot slze effects and of subtended visual 
angle. The added experimental complication of this effect ie avoided by 
fixing target range and requiring the observer to estate at which of several 
possible azimuth positions the target is located. 

A further artifice of intercst Is the elimination of antenna scanning modula- 
‘lon of the jamming noise; i.e., the nolse is presented uniformly over the 
entire PPT screen. The purpose is a drastic reduction in observer fatigue. The 
justification {s the fact that relative effectiveness is being measured. By the 
same argutient, complex antenna pattern modulation need not be impressed 
on the simulated target echo; the use of rectangular gating waveforms sim- 
plies the equipment problem. Note that whenever an experimenter uses 
this justification, he js assuming that the artifice introduced has equal effects, 
quantitatively, on the Jamming sources being compared. 

We have now outlined criteria and the essential features of a method for 
laboratory testing of relative jamming effectiveness against a PPI type 
search radar. Some artificial experimental conveniences have also been de- 
scribed. An extensive program at the Johns Hopkins University Radiation 
Laboratory has been conducted with the above as a basis (References 10, if, 
and 12), The other salient features of this program will he described below, 
to complete an example of experimental methods. 

The tactical model empivyed Is an alrcraft at a fixed range of 25 (iauti- 
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cal) miles, operating a jammer against an AN/FPS-3 radar which Is set to 
its $0 mile scale. 

The essential portions of the simulation equipment are shown in the 
functional block diagram of Figure 14-5, Both target and jamming signals 
are generated at the I-f of 30 megacycles, mainly to aveld r-f simulation 
problems. Standard recelver and Indicator units of the AN/FPS-3 radar are 
usec; the controjs are not avallabie to the observer. The automatic program- 
mer {3 controlled by a Western Electric tape transmitter and a etultaoly 
punched tape. Each time it {s actuated by ar: answer switch, it sets the target 
azimuth position according to « table of random numbers. The Esterline An- 
gus operations recorder records actus! target azimuth, cbserver's answer as tu 
azimuth, and experlmenta! data. The antenna rotation slmuiator furnishes 
synchro information to the I:dicator, and triggers the antenna pulse generator 
at the proper azimuth, The antenna pulse is rectangular, and of such dura- 
tlon as to simulate a 3 degree beamwidth. The simulated rotation rate is 
10 rpm. This is the maximum for the AN/FPS-3, and is used to minimize 
experiment time. 

During the experiment the nolse (jamming) {s presented unifcrmly over 
the entire PPI. The face of the indicator is divided by lines into six pile- 
shaped sectcrs. The target Is presented in the center of one of these sectors, 
for each of two successive antenna revolutions (scans), and the observer 
is required to signify his choice of the sector 'n which the target appeared, 
before the next presentation is made. The test is begun with a high S/J 
ratlo, and proceeds by steps of one 
decibel to lower S/J ratioa by changing 
noise power; the signal power is held fixed. 
At every step 12 presentations are made. 
The test continues ratil the observer 
misses more than seven targets in any 
step, A sequence of ten observer testings 
constitutes one complete jamming. effec- 
tiveness experiment, 

The data for each observer are ccrrecied 
for the probability of correct guesses, and 
the result is a table of detection prob- 
ability estimates for various S/J values. 

These are plotted on normal probability 

Detention prebebity (%) paper, as in the sample jamming curve 

Fisuar 14-6 Sample jamming curve of Figure 14-6. A straight linc is fitted to 
the plotted data, under the assumption that the jamming curve is the norma! 
signold curve common in sensory preception testing. (This curve maps to a 
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atraight line on probability paper.) The object is to make a maximum Iike- 
lihood estimate of the curve from which the true dsta arose; to do this 
rigorously ‘s a complicated procedure, requiring the use of a digital com- 
puter, It has been found, however, that a visual estimate of a ‘east-squares 
fit produces all the accuracy that Js meaningful In th. experiment. The 50 
percent intercept is taken as the individual observer's jamming threshold. 
The siope of the curve, which is of the ferm of a stendard deviation, is e 
measure of how slowly the observer !s jammed. The jamming thresholds, !n 
decibels, are averaged for the ten observers, to give the “mean jemming 
threshold”, (S/J) 9» a8 the result of the experiment. The relative values of 
(S/J) oq, for different jamming sources are then the required relative effec- 
tiveness Gata. The standerd deviation of the individual Jamming thresholds 
Indicates the statistical confidence level of the result. A common value for 
this statistic is about one decibel. 

The S/J ratios have been measured at videv ao a matter of experimental 
convenience. These can be extended to |-f, where they are more meaningful, 
by circult measurements. The rms error {n experimental results from this 
program has been estimated to be less than one decibei. 


Observer Selection and Training. In laboratory testing of Jamming effec- 
tiveness it is seldom possible to use actual typical radar operators as ob- 
servers, Thus the observers become simulated radar operators, and the 
degree of reallam achieved must be considered. A minimum requirement is 
that the resulis permit predicticn of those which would obtain if actual 
radar operators were used, it would be preferable, of course, if the observers 
produced the same results as would the radar operators. A series of tests 
comparing these two groups directly (Reference 13) Indicates that with 
reasonable care in the selection and training of observers, the desired simula- 
tion condition can be achleved. Following are some general recommendations 
on selection and training. 

A set of physical requirements (dealing mainly with vision) and a fixed 
upper age limit are desirab!2, since these reduce poor performances, While 
consistent poor performances can perhaps be justified by the relative effective- 
ness argument, still they produce an undue spread ja data, and thus reduce 
the degree of confidence In the results. 

A further selection can be made on the basis of performance relative to 
that of the established group of observers. This selection can readily be 
combined with the training procedure. Training runs should be made on a 
jamming source which does not involve any deception; DINA is a good 
choice. A candidate {s then accepted as an observer whenever his average 
performance equals or exceeds 3 minimum standard. This acceptance stand- 
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ard is set a fixed number of decibels below the average performance of the 
observer group on the same type of jamming. If the candidate falls to meet 
the acceptance standard in a given fixed number of training runs, he should 
be rejected for observer duty. 

A final remark on observer training is that as with other skills, training 
must be maintained If performance Is to be consistently good. If the duties 
are very intermittent, it may be necessary tc maintaln a regular training 
schedule for the accepted observers. 


Inserpretation oj Daia. Let us eassuine that the results of laboratory jam- 
ming effectiveness teats are In the form of S/J ratios at the receiver i-f 
output (second detector Input), corresponding to a given detection prob- 
ability. But the jammer designez requires s specification of the radiated 
pattern necessary for a certal degree of jamming, given the tactical situa- 
tion and the victim's characteristics. 

If we are wiilng to assume that the laboratory tests achieved perfect 
simulation, i.e., that the results are directly applicable to the field situation, 
then the required Jamming power can be computed as follows, The antenna 
input ratio of algnal-to-jamming pez megacycle (Sp/Jx/mc) !s obtained 
from the [-f output S/J ratio by multipiying the latter by the [-f bandwidth. 
Then from the free-space propagation equations, the radiated jamming 
power required is 


ee PrpGro 
4 69R8G, (Su/Jn/mc) 
where ?r = radar transmitted power 
Gy = radar antenna gain 
a =x target cross section 
R == range 
G, =: Jamming antennae gain in the direction of the radar 


If the experimental methods ure similar to those described above, this 
value for P, will be pessimisticaliy (from the jammer’s point of view) high. 
This is principally because in the laboratory, the observer’s task has been 
made much simpler than is that of a radar operator in the fleld. The results 
of some tests performed at the University of Michigan Electronic Defense 
Group, give a quantitative example of this effect (Reference 14), Laboratory 
measurements were made, using the same jamming source, for a one-dimen- 
sional arrangement of possible target locations in the first case, and for a 
two-dimensional arrangement in the second case. In both cases, the targets 
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were presented in one quadrant of a PPI. In the first case, there were four 
possible locations spread uniformly In azimuth through the quadrant but 
all at the same range. In the second case, there were 16 possible locations, 
at all combinations of 4 ezimuths and 4 ranges, spread uniformly through 
the quadrant. [t was found that the threshold S/J ratio was about four 
decibels higher for the more difficult two-dimensione! arrangement. 

t¢ is apparent, then, that accurate predictions of absolute jamming ef- 
fectiveness cannot be expected from laboratory tests alone. However, a 
rather smail amount of carefully obtained field test data can serve as an 
“anchoring point” for = large and detailed amount of laboratory data, thus 
extending the relative results Into absolute results. 


14.2.4 The Response of a Typical Radar Kecelver to Various 
Types of Jamming 

For purpose of analysis a search radar receiver cen be assumed to consist 
essentially of a narrow bandpass amplifier, a detector, and a low pass ampil- 
fier, This corresponds to the {-f, detection, and video stages of a conventional! 
recelver, Most radar receivers employ the superheterodyne principle wherein 
a frequency translation !s performed on the incoming wave for the purpose 
of reducing lia frequency to a mere suitable value for amplification; however 
this process does not alter the important characteristics of the target ccho 
and jamming enscmble. Consequently it is usually sufficient to consider the 
transformations occurring between the j-f amplifier input and the video amplil- 
fler output. 

As a consequence of the jamming power limitation discussed in 14.2.1, 
the jamming waveform will not, In general, be of sufficient amplitude to 
cause saturation of the receiver circuits. Recelver saturation does not guar- 
antee effective jamming; cn the contrary, limiting, which Is & form of satura- 
tlon, is frequently utilized as an anti-jamming teclinique. (See 14.2.5.) For 
che purpose of the present analysis, however, the receiver amplifiers will be 
assumed to be operating ina linear region. 


Calculations Using Second Order Statistics. By making use of some fun- 
damental theorems of probability and statistics it is possible to calculate 
input-output relationships of various elements in the radar receiver, In 
general, analysis of the linear circuit elements is more straightforward; 
however, teckniques for handling nonlinear elements, such as the detector, 
have been developed. 

The autocorrelation function of a voltage waveform, u(#), is defined as 
fullows: 
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In many problems of Interest the autocorrelation function can be equivalently 
defined as: 


R(r) = ee [ee Vi UsW (0, Ua, 7) C0; dug 


¢ 


V; and vs are values of v(¢) et times ¢; and ft, respectively, r = ¢, — 4y, 
and Ws, is the second order probability density function of v(t). The 
autccorrelation function is closely related to the power spectrum of a wave- 
form by the Wiener-Khinchine Theorem which states thet the power spectrum 
ls the Fourler transform of the autccorreiation function. 

For linear circuits, the autocorrelation function of the output cen be cul- 
culated using convolution integrais. If the circuit is described by its Imipiise 
response function, A/(¢), then the output corzelation function is: 


Rer(r) = [ He(t)Ry(t + +) dt 


where H,(¢) is the convolution of H(¢) and H(~—#), This leads to the Input- 
output spectral relationship. 


Gour(w) = | 2 (w) !*Gia(w) 


where G,,, and Gi, are the output and input power spectra respectively, and 
4Z(w) is the circult transfer function. The reader is referred to References 
iS and 16 for extensive background material and the proofs of these relation- 
ships. The latter reference also gives methods of handiing nonlinear elements. 


Receiver Response to DINA Jamming. For a gaussian noise Inout, the 
output of the i-f amplifier can be written as 


Vo(F} = a(t) COS wel + BCE) sin wot 


where a(¢) and A(t) are independent, slowly varying t!me functions with 
gaussian properties having zero means and standard deviations «, and vw. = 
2nf/, with f, being the i-f amplifier center frequency. The voltage, vo(¢), can 
equivalently be written as follows: 
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vo(t) == p(s) cos [web — o(t)] 
with 
p(t) == Vat(s) + AA() and 4(¢) = tan“ (B(t)/a(t)} 
ince a{?) and £(t) ere independent 
We(a, 8) = Wi(a)Wa(8) = (1/2no%) exp [— (a" + BY) /2o8] 

! where W, and W, are the firat and second order probablilty density functions. 

The cutput of a linear (or envelope) detector will be p(#). The first order 


density function of the output can be easily calculated as follows: by dei- 
inition, 


[PR fP wae) dada = (sar )e ee ex (— da ep 


but 

@== pcos ¢ and B= paing 
Thus, 

00 —p*(cos? + sin® @) 

eat lo fy om IED deity = 3 
or 
ao 8 
oy -f - exp (+5) dp = 1 

Therefore. 


a ia exp (—p*/2u"), =p & 0 
(0, p <0 


Wilp) = 


This is the well-known Rayleigh distribution. The average value of the : 
output Is : 


, 
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e 2 eaeey 
p(t) = ee pWs(p) dp = J, re (55) dp=e, -* 


The mean square value of the outnut Is 


: ca ak ae 
a(t) = {® etWi(w)dp ~— ip — exD oo dp == 23 


The percentage of the total video power that is essentially d-c is 


% dec == 100 [ p(t) ]8/p%(#) == 100%/4 == 78.5% 


Receiver Response to FM-by-Noise Jamming. In order to gain an under- 
standing of how a radar receiver resporids to FM-by-nolse jamming, it will 
be helpful to consider the case of a signal that {s swept linearly through the 
recelver passband, The !-f amplifier can be approximated by sa gaussian 
response. (A synchronously tuned amplifier approaches a gaussian response 
rapiuly as the number of stages Increases.) Thus the transfer function of 
the amplifier Is 


G(w) = A; exp [ — (w — 0o)*/259] 
where A, is the gain at midband frequency wy, and 6 is related to the usual 
3-db bandwith @ by the relation 6? = §*/4 In 2. The linearly swept signal 
can be written ¥,(¢) -= Ay cos (S##/2) where S fs the sweep rate. The ampll- 
fier output can be calculated by multiplying the fuurler transform of v,(¢) 


and G(w), then taking the Inverse transform of the result. The envelope of 
the output v,(¢) is found to be 


ie 
Y (#) = _ Aran =. eX { {- as 
lS VT (SbF OP ITT + 7H 5 


or 
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where o = 5/6? and éy = w/S. 


Consider first the case of slow sweep. If a << 1, then 
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Uo(t) me AyAg exp “Tae =: A exp 2(b/5)! 


with A = A,Ay. This case for a giver: bandwidth and several sweep speeds 
is {llustrated in Figure 14-7. The recelver output fs a pulse of constant 


‘air 5, > 8 >t os) 5, >U >a 





Frourz 14-7 Response of a receiver to & Fioune 14-8 Response of a receiver to a 
linearly swept signal (slow sweep case) linearly swept signal (fast sweer case) 


amplitude whose width varies directly with receiver bandwidth and in- 
versely with sweep rate. In the case of fact sweep rates, f.¢.,¢ >> 1, 


AAs sc (pt ee ND ES psc ACR 
Vo(t) am we exp Sa == Ab/\'S exp aa 


Here the situation !s quite different. As shown in Figure 14-8 the output 
pulse amplitude {s directly proportional to the recelver bandwidth and de- 
creases with increasing sweep speed. The pulaewidth, however, remains e¢s- 
sentially uncianged as the sweep speed changes. It depends only on the 
reciprocal of the receiver bandwidth. 

By utilizing the foregoing considerations the response of a receiver to 
FM-by-olse can be explained. Assuring a barrage width that is large com- 
pared to the recelver bandwidth, the sweep speed during any particular 
transit of the receiver passband by the randomly sweeping jamming will 
depend, essential'y, on jamming barrage width and the spectral compoaiticn 
of the modulating noise. If the nolse spectrum has a sufficiently low upper 
cutoff frequency (FM-by-LF noise), the receiver output will consist of a 
series of impulses of random amplitude and random structure. As the modu- 
lating nolse frequency !s increased (F M-by-WB noise), the random impulses 
will begin to overlap since the pulsewidth depends only on the receiver band- 
width. As e direct consequence of the Central Limit Theorem of probability 
theory the statistics of the noise so produced at the J-f amplifier will be es- 
sentially gaussian. 

Because of the gausslan properties of the Jamming waveform that is pro- 
duced in the receiver by FM-by-WB noise, calculations of the a-c and d-c 
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power output are identical to those given for DINA. In order to meet the 
requirements for producing jamming that [s equivalent to DINA, the follow- 
ing inequality must be satisfied: 


InS tu <fu 


where fy is the receiver bandwidth, /y is the average noise Sandwidth, and 
fy 1s the jamming barrage width. Typical numerical values for these qualities 
are jy == 1 me, fy = § me, fy = 200 me. 

The recelver output power for FM-by-LF noise jamming can be calculated 
to good approximation using the quasi steady siate method cf analysis. The 
receiver is assumed to have a gaussian frequency response, thus 


—2 In 2(w wo)? 
8 


where § is the usus! 3-db bandwidth and «p == 2wfo, fo osing the receiver 
center frequency, The Input voltage is 


Vo(w) =: A; exp 


v(t) == Ao cos [ wet + f ‘x(é) du’ | 


where w, Is the carrier frequency and x(#) ls a function of the modulating 
noise which has gaussian statistics. For slow sweeps, we assume that x(#) is 
a constant function of time. For the case where w, and wo coincide, i.e. the 
jammer is tuned to the recelver center frequency, the detector output is ap- 
proximately 


U,(¢) == AoA; exp a 


Using the gaussian properties of x(¢), we can calculate the average and mean 
square value of the output as foliows: 


—2 In 2x? 


a(t) == —Fomte {™ exp nex Se ie ApAy 
; Vy Qnr I-00 8B P 2ur* i 48 in 2 + Bi 


aye a Joan [* exp —4 LA <a dx ak AgtdA,® 
ot) SV tne I~ Fat OO a Te 


Note: « is (ne rms frequency of the jamming waveform. 
The percentage of total power contained in the d-c component of the out- 
put Is 
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For typical values of bandwidth A and deviation o this indicates that the 
majcrity of the video jamming power !s contained in tke a-c component. This 
supertority of FM-by-LF nolse over FM-by-WB noise or DINA In produc- 
ing effective jamming power at video has been verified experimentally; 
however, as wes suggested in 14.2.2 and as will be discussed further in 
14.2.5, there exist counter-countermeasures that alter this observed superior- 
ity conelderably. 

In the previous analysis of FM-by-nolse jamming the jammer center {re- 
quency and the recelver band center were assumed to coincide. For succeas- 
ful barrage jamming it {s necessary that the jamming be uniformly effective 
throughout the barrage width. 

The first consideration ls the production of uniform jamming power across 
the barrage. Since the voltage ampilitude distribution of the modulating 
noise determines the characteriatics of the frequency excursions of the jam- 
ming signal, thie parameter also determines the actual power-frequency spec- 
trum of the jamming barrage. If the modulating nolse has gauseian statistics 
the resulting power spectrum will have the characterlatic bell-like shape of 
the gaussian function. In order to produce a uniform power spectrum It {s 
necessary to a'ter the voltage amplitude distribution of the modulating nolse 
before it is used to modulate the carrier. Middleton has shown that the 
necessary transformation is the error function (Reference 5). 

Starting with the modulating voltage x(#) it Is desired to find a transfor- 
mation g such that y(¢#) == g [x(¢)] has a Arst order probability density 
W,(y) that fe constant over the interval from y = ~a to y = +a. In 
order to satiafy the requirement that 


[* wi) dy = 1 
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Now 


Df) ee a ew 
——| of == /_ 350° ax 


es be ee 


14-24 ELECTRONIC COUNTERMEASURES 


Let 
3% 
oh — a' 
then 


2a 


yo pre eee ens as = eet ( 72) 


Thus the desired transformation g, is the error function. By symmetry It ls 
aeen to hold for the region y < 0 and x < 0, A device thet approximates the 
error function (called an ‘“‘erfer’) hes been constructed and successfully 
used to produce a uniform jamming barrege (Reference 17). 

Another consideration affecting the unlfcrralty of jamming effectiveness in 
the barrage is the time structure of the jamming waveform, This wiil depend 
on the distribution of traversals of the recelver pe.sband, or equivalently 
the distribution of level crossings at various atnplitudes of the modulating 
noise, “‘Erfed” noise does not produce uniform level croselngs throughout the 
barrags, but tends to fall off near the ends. If the modulating nolse bandwidth 
sufficiently exceeds the receiver bandwidth there will still be sufficient cross- 
ings to produce gaussian noise at the receiver i-{ output. Modulator design 
limitations may preclude the use of an “erfer’’ nolse modulation having 
sufiiclent bandwidth to produce an adequate radar receiver traversal rate 
near the ends of the barrage, particularly when the victim receiver employs 
a very wideband Dicke Fix. An alternative modulation consisting of the 
sum of a high-frequency pericdic wave and nolze may be used to produce 
a jamming barrage having a relatively uniform power spectrum end receiver 
traversal rate throughout the entire barrage width (Reference 5). 


14.2.5 The Influence of Anti-Jamming Techniques on Jamming 
Effectiveness 

Tn the fingl assessment of the effectiveness of a particular jamming modula- 

tion against a search radar system, it is necessary to concede that the victim 

radar possesses and makes efficient use of any appropriate anti-jamming 

(A-J) techniques. It is conceivable that a jamming technique that appears 

to be quite effective against a conventional radar may be rendered useless 
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by the utilization of a almple A-J device. Consequently, it ‘s of Interest tc 
re‘lew some of the existing and proposed A-J techniques. For a tnore ccm- 
plete listing, the reader is referred to Reference 18. 

The ultimate goal in radar design is te produce equipment that will con- 
tinue to perform Its specified function regardless of the prevailing jamming 
environment. Because of physical considerations, absolute invulnerability 
can not, in general, be achieved. However, Insofar us is practicable, such 
A-J devices as are required to optimize radar performance in the expected 
jamming environment should be provided. These A-J features may take the 
form of (1) devices that give the radar maximum probability of detecting a 
jarimer carrying target, or (2) devices that prevent the radar being setur- 
ated or overloaded with false alarms so that, except for detecting the jammer 
carrying target, the radar can continue to function effectively. The latter 
cless of devices are generally referred to as Constant Falze Alarm Rate 
(CFAR) techniques. 

An A-J technique may consist of a relatively almple alteration or addition 
to an existing radar or it may result in an entirely new radar system design. 
Many of the useful A-j devices are installed in a radar syatem in a manner 
such that they may be selected for use at the discretion of the operator. 
This glves the radar system the flexibility to allow adjustment for optimum 
performance according to the existing Jamming situation. 


A-J Techniques Related to Fraguexcy Characternstics, Search radar 
frequency agility, the importance of which was emphasized in 14.2.1, 
may be considered as an A-J technique. Frequency agility may consist 
simply of the capability cof fast mechanical tuning or, in the ultimate 
iorm, @ capability of changing frequency on a pulse-to-pulae basis, A related 
technique, called frequency diversity, consists of choosing the frequencies of 
the individual radars in a radar network so that they are distributed 
throughout the entire spectrum of frequencies that are suitable for search 
radars. The combination of frequency diversity with frequency agliity causes 
maximum spreading of the available jamming enerzy necessitating the dilu- 
tio of a Jamming effort ja order tu cover the search radar frequency band. 

Another counter-countermeasure (CCM) related to the radar's frequency 
characteristics Is called diplexing. it ccnsists of using two tranamitters which 
transmit pulses that are separated in frequency and time using the same 
antenna, The returns are separated using two frequency selective channels 
and the signal in the channel which contains the leading pulse is delayed 
such that the echoes now coincide in time. (Note: In some installations, time 
separation and subsequent delay are not utilized.) Video deta from the two 
channels are fed into a two Input coincidence gate, whose cutput Is always the 
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minimum of its Inputs. Thus the radar is impervious to Jamming that covers 
only one of the two transmitter frequencies. The cbvious counter-counter- 
countermeasure (CCCM) against diplexing, as well as sgeinst frequency 
diversity and frequency agility, is the simultaneous jamming of all radar 
frequency bands in which activity is detected. 


A-J Techniques and FM-by-Noise Jamming, The desirability of using 
frequency moduiation Jamming !s a direct result of the fact that electron- 
ically tunable microwave power generators readily provide a broadband 
jemraing source that can be rapidly tuned to the frequency range of Interest. 
The mechanism by which an FM source produces jamming power in what 
is essentially an AM receiver was discussed in 14.2.4, One A-J technique 
attempts to reduce the effectiveness o: FM jamming by efiectively reducing 
the response of the radar receiver when the jammer sweeps through the 
receiver passband. Other A-J schemes operate on the time structure of the 
jamming waveform and seek to discriminate {n favor of the target returns. 

Devices that make use of the former technique are variously referred to 
as FM jamming biankers, guard band receivers, or “rabbit traps’, One 
realization of such a device {s shown In a simplified block diagram in Figure 
14-9, The response of the wideband amplifier is fed to two paths, (1) 
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Frovaz 14-9 Block diagram of an FM jamming blanker 


through a narrow-band notch filter centered at the I-f frequency and then 
through a detector and amplifier, (ultimately the video pulse is applied to 
the gated !-f amplifier); and (2) through a delay line and thence to the 
input of the gated |-{ amplifier. The delay {a adjusted so that the characteris- 
tle deley of the circultry in the other path ia balanced, and the I-f algnal 
and the video gating pulse arrive at the gated amplifier simultaneously. 
Thus the gated i-f amplifier cute off the receiver when a jamming signal 
sweeps through the recelver pussband. The notched filter rejecta the narrow- 
band targe: return thus preventing operation of the gating circult by a desired 
signal; therefore the target echo will negotiate the recelve: and be displayed 
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except when it oreurs simultaneously with an impulse produced by the jam- 
mer. This technique {s quite effective against FM-by-LF nolse, Its effective- 
ness decreases as the modulating nolse upper cutoff frequency {s increaced. 
When the condition for overlapping impulses at the wideband amplifier out- 
put is reached the device is gated off almost constantly, and consequently [s 
no longer effective. 

Another A-J device, which has found wide application as a search radar 
COM technique, is known as the Dicke Fix. This device consists essentially 
of a wideband !-f amplifier that is inserted in a conventional radar receiver 
betweer: the mixer and normal !-f amplifier as shown in Figure 14-10, The 

action of the Dicke Fix against FM- 
a . » by-noise Jamming can be qualitatively 

Ger’ described as followa: The impulsive 
SORE) SAID, Ue ant oe responses of the wideband i-f smpll- 
fier to the FM jamming have a2 large amplitude with respect to the target echo. 
The i-f limiter limits the jaraming pulses to a level commensurate with the 
echo. These clipped jamming pulses are spread over 2 broad spectrum, 80 
that after the narrow I-f filtering they are amall compared to the echo. Also, 
the target returns are coherent on successive radar sweeps whereas the ran- 
dom pulses are not; therefore the target pulses add constructively during the 
integration produced by the dieplay and thereby can be seen above the non- 
coherent jamming pulses. The Dicke Fix is quite effective against FM-by- 
LF nolse, but Iike the FM blanker decreases in effectiveness as the modulat- 
ing nolse upper cutoff frequency is Increased. Higher modulating nolse 
frequenclea are required to produce overlapping impulses (and consequently 
gauselan noise) in the case of the Dicke Fix as compared to normal receiver 
because of the narrower impulse response with the wideband {-f amplifier. 
The use of multiple independent FM-by-nolse jammers produces an effect 
similar to that of Increasing the modulating nolae bandwidth of a single 
jammer, in that the average number of traversals of the victim receiver is in- 
creased in both cases. In addition to its usefulness againat FM-by-LF noise, 
the Dicke Fix is also quite effective against other types of interference which 
have a characteristic pulse-like time structure. An extensive account of both 
the theoretical and experimental studies of the Dicke Fix and otner {m- 
portant A-J techniques is contained in Reference 19. 






Constant False Alarm Rate (CFAR) Techniques. The CFAR devices 
nave been developed to prevent overloading or saturation by false alarms 
caused by a strong jammer, This is especist!y necessary in the case of an 
automatic detector where a target is reported whenever a preselected thresh- 
old level is exceeded. The CFAR device causes the radar to respond to a 
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signal to nolse ratio instead of an absolute signal level above a fixed 
threshold. 

One group of CFAR devices operates on the principle of automatically 
adjusting the receiver gain to maintain a constant output. The gain control 
time constant must be long compared to the target pulsewidth; consequently 
this technique Is most effective against jamming that produces Jong pulses 
in the radar receiver. 

A more effective method of achleving CFAR performance results from the 
use of the zero-crossing statistics of the signal and nuise. The Dicke Fix cir- 
cultry can be used along these lines und as auch is called Dicke Fix CFAR. 
For CFAR operation the limit level of the i-f limiter In set at a level that fs 
well down Into the receiver ncise. Thus any increase in the recelver (nput 
does not effect the output. The limiting does nut destroy the zero-crossing 
information; consequently a large signal to noise ratio will result in « 
detectable target. Aa the signal to nolse ratio decreases, the target zero- 
crossing information becomes submerged in the nolse, resulting in the dis- 
appearance of the target Indication. By a fortuitous combination of circum: 
atances, noise alone can produce a false target Indication; however, by the 
proper adjustment of receiver parameters, the false alarm rate can be main- 
tained at a constant and predictably low level. 


Combined Passive-Active Detection Systems. in the event that a radar 
lv successfully jammed in range but stlil retains the capability of passively 
determining target azimuth, there exists the possibility of utilizing similar 
information from radars at other geographical locations to fix the target Joca- 
tion by triangulation. The principal difficulty encountered with such a system 
occurs in a multiple jammer environment. In this case an Intersection of 
azimuth strobes may or may not correspond to an actua’ target depending 
on whether or not the strobes in question were generated by the same 
jamming source. Several systems, which utillze correlation techniquen to 
eliminate ghost intersections, have been proposed and are under development 
(Reference 20), 

Successful Jamming of passive-active systems that utilize correlation tech- 
niques presents a difficult problem, principally because a correlation device 
performs best against a random signal. Several methods of jamming (not 
without considerable practical difficulties) have been suggested (Reference 
2!). For example, transmitting uncorrelated jamming signals on different 
azimuth from the jamming vehicle would appear to be effective from theo- 
retical considerations, however It {s difficult to avoid having sufficient power 
radiated from the back of the jammer antennas to allow successful operation 
of the correlators, Another CCCM, which consista of transmitting correlated 
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noise jamming from widely separated sources, is complicated by the difficulty 
of maintainin ’ correlation between two high frequency random noise sources. 


New Concepts in Search Radar Design, During recent years search radar 
systems have been proposed (several are in varying stages of development) 
that differ somewhat radically from the conventional rectangular pulse radars. 
The principal difference exists in the characteristics of the tranamitted signal. 
Rectangular pulses have found wide usage in radar because of the obvious 
ease with which range resolution can be obtained and also because of the 
predominance of microwave power sources with high peak power but low 
average power capability. The advent of microwave sources, traveling wave 
tubes, that operate most efficiently when the difference between the peak 
and average power {s minimized, has caused attention tu be focused on the 
problem of achieving the benefits of more or leas continuous wave transmis- 
sion without loss of range resolution. 

Essentially this problem is solved by transmitting a relatively complicated 
waveiorm, then comparing the echo returns to a stored replica of the transa- 
mitted wave to establish the epochs of the various echo producing targets. 
The details of several systems are contained in References 22, 23, and 24. 
While it ‘s not claimed that these systems will be jam-proof, it is irue that 
an entirely different Jamming philosophy (as compared to conventional 
search radar jamming) may be required In order to achleve optimum jam- 
ming effectiveness. 


14.2.6 Some Typical Results 

The following jamming effectiveness results of the Johns Hopkins program 
are excerpts from Reference 12. They describe the performance of important 
barrage jamming sources ugainst a typical search radar which is unprotected 
by ECCM., Detailed coverage of the test conditions will not be attempted 
here. 

The victim radar is the AN/FPS-3. The experimental method generally 
follows the recommendations of Section 14.2.3. The units of the FPS-3 
which are either used or almulated in the program are operated with normal 
parameter values for that radar. 

The curves of Figure 14-31 result from circult measurements on the 
FPS-3 norma! receiver, and relete S/J ratios at video output (CRT grid) to 
those at [-f output (second efector Input) for seveial Important barrage 
jamming sources, The dota on the curves are typical values for the mean 
jamming threshold, (S/J)soq. The S/J tatios correapanding to Cetectlon 
probabilities other than 50% may be located on these curves by use of 
Figure 14-12, which is the approximate jamming curve for the “average” 
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observer, The curves and dots of Figure 14-11 are repreeexteative of the jam- 
ming sources listed, with the following restrictions on the jamming para- 
meters: 


DINA ... Barrage width must be several times greater than victim 
receiver bandwidth. Clipping of the DINA does not change 
Its effectiveness. 

FM/LFN _. Upper cutoff frequency cf modulating noise must be telow 
50 Kc. Deviation must be several times grester than victim 
receiver bandwidth. 

FM/WBN . Upper cutoff frequency of modulating nolse must be above 
$00 Kc. Deviation must be several times greater than vic- 
tim recelver bandwidth. 

RPB Sources Pulse recurrence period = 80 ps + 30% 

Pulse duration == 4 ps + 30% 

Ratio of pulse peak to background (voltage) = 4 + 33% 
{+ term Is the peak random variation from the nominal 
value.) 


For the FM scurces, the Jamming effectiveness is not changed by using 
“erfed modulating nolse to ‘whiten’ the jamming spectrum, at auggested 
in 14.2.4, 

Within the above restrictions, the jamming effectiveness of these sources 
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is constant over wide ranges of such parameters as deviation, upper and 
lower cutoff frequencies of modulating noise, location of the victim in the 
barrage, etc. The pulse parameters given are those used in limited testing of 
RP32 jemming; imiting valuca are not known. 

From Figure 14-11 it is seen that the pulse-like sources are 10 to 12 
decibels more effective than the continuous sources. Nevertheiess, FM-by-LF 
noise !s of questionable valus, since its intermitten: time structure makes 
ECCM quite easy. The pulsed sources offer high jamming effectiveness with- 
out belne appreciably easier to counter than are thelr unpulsed counterparts. 
For example, with the pulse parameters listed, about half of the average 
jamming power is in the pulses, and the other half is in the background jam- 
ming between pulses. So even !{ the effect of the pulses were completely 
nullified by ECCM, the loss due to Investing jemming power In these pulses 
would be only 3 db. Against this we have « 10 to iZ db gain in Jamming 
effectiveness if no ECCM is used. 

It is noteworthy In Figure 14-11 thet che variation in (S/J)ooq)s much 
greater at i-f than at video. This Indicates that there ure greater differences 
in circult effects (Section 14.2.4) than in psychophysical effects. 


14.8 The Tracking Radar Jamming Problem 


14.3.3 Statement of the Problem 

The term ‘Tracking Radar’ as used here Includes several different types 
of radar, all of which have as thelr primary function to automatically 
supply position data on one or more selected targets for weapon control 
purposes. In most applications the coordinates supplied by the radar are 
azimuth, elevation and slant range, although in some cases radial veiccity 
may he measured Instead of, or in addition to, range. 

Angle data is usually determined by using servo loops to keep the radar 
antenna pattern centered on a selected target In which case only = single 
target can be tracked by each radar. In some more recent types multiple 
target capability and/or ability to continue searching while tracking are 
achieved by using a multiple beam antenne pattern or by time sharing a 
single beam. While this discussion wiil be concerned primarily with the single 
target class, many of the comments are applicable also to the multiple target 
class. 

Range lnformation, when desired, is obtained as in search radars ky 
measuring the time delay of the target echo, so pulsed radar is used when 
precise target range /s required. 

‘Target velocity Information can be obtained from the time derivatives of 
the above coordinates, but if only the radial component of velocity is re- 
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quired it is cften obtained directly from the doppler shift of the echo signal 
relative to the transmitted signal. 

An important part of the tracking process !s the necessity of discriminating 
against radar returns from targets other than the selected ones. Discrimins- 
tion in angle is accomplished by the antenna pattern and Jn range by time 
selection or gating of the received signais. In the case of doppler radars 
target signal selection is achieved on the basis of radial velocity. This inter- 
dependence between tracking channels may, under certain circumstances, 
become an impertant factor in ECM considerations. 

The object of ECM against radars is of course to degrade the target posi- 
tion data supplied to a weapon by an enemy radar to the extent that the 
probability of success of the weapon is at least decreased (Reference 25). 
Tne application of a tracking radar, particularly the type of weapon It Is 
controlling, will strongly Influence the relative importance of the various 
tracking channels (i.e. angle, range and/or radial velocity) and will also be 
the most Importani factor In determining the extent to which the tracking 
data must be degraded for the ECM to be considered successful. A thorough 
treatment of this aspect of the problem will not be attempted here but some 
of the more obvious points will be mentioned briefly. 

Tf a radar is to supply target position data for aiming of guns or rocket 
launchers or for command guidance of a misaile, a higher degree of accuracy 
Js required than if the data /s used only for steering a missile to the vicinity 
of a selected target to allow a homing radar to lock ontu the target. Similarly, 
a given angular error would have a much more serious effect on the radar 
supplying command guidance J::formation than it \ ould on the homing radar, 
since the latter is much closer to the target and the range !s constantly de- 
creasing. It is also important to note that In some cases, for instance In a 
homing device using proporifonal navigation, angle rate information deter- 
mines the steering commands rather than angle Information itseif. 

Another important factor which depends upon the type and application of 
the victim radar is the extent to which an operator can asaist or take control 
ur the target tracking and the time required for reacquisition of a target If 
lock-on Is broken, This will be an important consideration in determining the 
effectiveness of deception jamming and of intermittent noise jamming. 

Yor example in the cuse of a ground-based tracking radar an opergior cun 
give his full attention to monitoring the range tracking function and, If 
necessary to reject intermittent or deceptive jamming, can assume full con- 
trol of the range gate. At the other extreme in this respect is the airborne 
interceptor rader which is operated by the pilot who must monitor the 
other tracking channels as well as operate any A-J cevices and control the 
aircraft. 

The tactical situation in which the jammer is used will also Influence the 
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effectiveness of certain types of jamming signals inacfur as it will determine 
the characteristics of the radars to be encountered. If violent maneuvers are 
to be expected, the tracking circults of the radar must have much faster 
response capabilities and hence the time required to Introduce an appreciable 
error will be greatly reduced. 

As In the case of search radars, jamming of tracking radars can be roughly 
divided into two groups, obscuration and deception, depending on the in- 
tended effect on the victim radar, although In the case of tracking radars 
there is perhaps more overlapping of the two groups. 

The desired effect of obscuration is to completely destroy, or at least in- 
crease the uncertainty of, target position data while deception jamming 
causes the radar to supply possibly smooth but erroneous target range, angle 
and/or veiocity data. Specific examples of these two types of jaraming 
depend upon the tracking channel to be jammed and the type cf radar. 

In general deception jamming requires much less average power than does 
obscuration, but necessitates a more detalied knowledge of the parameters 
of the victim r.dar and usually requires more nearly continuous reception 
of the victim radac's transmitted signal. The last requirement gives rise to 
fairly severe look-through and antenna isolation problema. The difficulty of 
achieving multiple radar jamming capability Is perhaps the principal weak- 
nesa of this type of Jamming. 


14.3.2 Influence of Tracking Type on Jamming Signals 


14.3.2.1 Range Trackers 

The effectiveness of jamming signals against range trackers in quite im: 
portant since the results are applicable to nearly all pulse tracking systems, 
including those thet use mononulse techniques for angle tracking as well as 
some track-while-scan systems. It is Interesting to note that when monopulse 
or certain types of conical-scan angle tracking are used, the range tracking 
loop ia provably the most vulnerable rast of the system. 

The operation of a split-gate range tracker can be briefly described as 
follows: As shown in Figure !4-13, ‘wo adjoining gate pulses, each having a 
time duration approximately equel to that of the radar pulse, are generated 
witain the radar. The time delay of the pair of gate pulses, relative to the 
trensmitted pulse, is made to correspond roughly with that of the desired 
target pulse, either manually or by an automatic search ciecult. 

The gating pulses are used separately to gate the receiver video signal, and 
the Integrated signal contents of the two gates are then compered. An error 
voliage is developed which is proportional to the difference in signal content. 
This error voltage is used to adjust the position of the pair of gates uniil 
their signal contents nre equal, The error voltage is Integrated once or twice 
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before it is used to adjust the delay of the gate pulses. The characteristics 
of this Integrating circult are one of the primary factors in determining the 
speed of response of the tracking circuits to target motion and to a jammhiz 
signal, 

Tracking loops which have a single integration in the feedback path are 
referred to as velocity coupled since the error, being Integrated once to give 
a position correction, corresponds to the velocity of the gates. If no crror 
is detected the velocity goes to sero and the position of the gates remains 
constant. If two Integrations are performed on the error to obtain the cor- 
rection voltage, the loop is said to be acceleration coupled. If the error voit- 
aye {9 zero, the acccleration of the gate position is sero and the velocity 
remains constant. 

In a completely automatic track!ng system the Integrating time constants 
are Hmited by the required dynamic capabilities of the system, so that fn 
effect the maximum “position memory” or “velocity memory” of the system 
ia limited. It is obvious though that both of these features, particularly the 
latter, are of considerable value to the tracking system when subjected to 
Intermittent Jamming which will obscure the target for shart lengths of time. 

If, for any reason, the target pulse and range gates move far enough apart 
so that the gates no longer coincide with any peri of the target pulse, then 
the aystem is no longer locked on the target and reacquisition is necessary. 


Deception. If average power requirements alone are considered, by far 
the most efficient jarnming signal against the split gate range tracker is the 
gate-sealer or gate-grabber. 


! 
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Since the tracker centers the range gate on the “center of gravity” of the 
time-seiected echo pulse, !t 1s obvious that shifting the apparent center of 
gravity cof the signal away from ihe true target position will cause an error 
in the range output data. In the gate-grabber jammer a series of pulses, 
similar to the target pulses and somewhat larger, is generated and synchron- 
ized with the radar pulses so that each jammer pulse coincides in time with 
the true signal return within the radar. The position of these pulses in time 
is slowly changed so that they move away from the {rue target and cause 
the apparent center of gravity to shift, # that the range gates move away 
from the true ta get. This process is continued until! the range gates no longer 
contain the target pulse and the false pulse is then turned off, causing breal- 
lock, The jammers which accomplish this are described in Chapter 15. 

If the apparent acceleration of the false target is within the response 
capability cf the radar, the average jamming power merely has to exceed 
the average skin return power in order to be successful. 

It is clear that a high degree of synchronization between the jammer and 
the radar |p required for this type of Jamming. The repeater jammers de- 
scribed in Chapter 15 provide this synchronization very effectively, dut since 
transmission and reception occur simultaneously and since a target with » 
large effective cross section requires a high gain repeater, isolation between 
the recelving and transmitting antennas can be a serious problem. 

To overcome the isolation problem a time sharing technique !s somet!mes 
used which involves alternate gating off uf the repeater recelver and trans- 
mitter so that regeneration is p-evented. The retransmitted signal from this 
type of repeater consists of a burst of pulses, each much shorter than the 
radar pulse. The radar receiver bandwidth being designed for the wider 
pulse will not be able to resolve the fine structure of the repeated signal 
and the burst will appear as one pulse. Of course a radar recelver can be 
modified (References 26 ard 27) so as to be able to discriminate against 
this type of signal, but this Involves increasing the bandwidth end possibly 
increasing the susceptibility to nuise jamraing. 

Several other anti-Jam achemes have been proposed to counter repeater 
jamming. Since apparent motion of the signal center of gravity is caused by 
increasing the delay of the retransmitted pulse, the puil-off can only be ac- 
complished toward Increasing ranges. If the range tracker Is made to track 
only the leading edge (or the leading portion) of the signal pulze it will ‘g- 
nore the faise signal, unless it js much larger than the true signal return, 
Moreover, !f the portion of the signal pulse sampled by the range tracker is 
narrower than the minimum Inherent delay of the repeater, the false signal 
pulse will be completely ignored by the tracker. Pull-off can be accomplished 
in the direction of decreasing range by delaying the Jammer pulse by a little 
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less than a repetition perlod but this move can be countered by varying the 
repetition rate of the radar. If pull-off is achieved a rapid search toward de- 
creasing range as soon as the false target disappears will minimize the off 
target time. 

Limiting the acceleration capability of the tracker to values which can 
reasonably be expected from a target also decrenses the vulnerability of a 
radar to this countermeasure. 

A combination of the above counter-countermeasures would at least place 
very severe requirements on a gate-grabber type Jammer but would result 
in considerable added complexity of the radar. 

A similar jamming technique has been proposed which, while requiring 
somewhat higher average power than does a repeater, should be considerably 
less vulnerable to countercounterineasurcs (References 28, 29, and 30). 

This technique consists of generating a train of pulges, at the appropriate 
r-f frequency and pulsewidth, having a prf very near but not equal to an 
integral multiple of that of the victim radar. Such a jamming signal will 
cause at the range tracking circults a serics of pulses which appear to be 
moving slowly past the actual signal pulse, and the tracking gates will be 
pulled off the true target pulse in much the same manner as in the cuse of a 
repruter, However, since the jamming pulses pass through the leading cdge 
of the true target, edge tracking should afford much tess protection for the 
rader. Even though 'mited accelevation capabliity of the tracker may prevent 
the range gates from actually locking on and tracking a Jamming pulse, the 
cumulative effect of a serles of false pulses can move the gates completely 
off the true target. Reacqulaition of the target pulse, particularly in an un- 
manned radar, should be very difficult with this type of jamming. 

If the victim radar Is using manually-alded range tracking it is quite 
possible that the judgement of a human operater and his knowledge of the 
tactical situation would enable him tv completely reject the false targets 
generated by either of the above jamming techniques. 


Cbscuration——-Noise Jamming. In this section are included those types of 
jamming signals which are random In character and are essentially unsyn- 
chronized with the victim radar, the object of the Jamming be/lng to over- 
whelm the target signal with another signal containing no information 
regarding the range of the target (Refercnces 31, 32, 33, and 34), 

The effect of nolse jamming on a range tracking radar can be considered 
in two purts——the effect of the radar receiver itself on the received jamming 
signal and the effect of the resulting video in producing erroneous tracking 
data. 

For the present let it be axzsumed that, regardless of the characteristics of 
the jamming signal at the input of the receiver, the local tlme structure of 
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the resulting videc will be quite similar to that of the true pulse because of 
the narrow filter through which they both have pussed. That is, the video 
wili roughiy resemble a random sequence of target pulses, the amplitude and 
spacing of which will of course depend on the original Jamming aignal at 
the receiver input, but will be random. 

As the aplit-gate tracklig circults sample this jamming video slong wtih 
the signa! pulse, there will be, on some samples at least, a jamming pulse 
appearing within the range gates but not coinciding with the center of the 
gate palr, This will cause a faise errcr signal resulting in a change in position 
of the tracking gates, which will not be centered on the irue target. A s#e- 
quence of such samplings results in the range gate being jittered about the 
true target position, the magnitude of the jitter depending on the amplitude 
of the jamming pulses, thelr frequency of occurrence, and the response of 
the tracking circuits to a given apparent error. There !s of course a limit to 
the amplitude of jamming pulsea which the receiver will pass and the response 
of the tracking circults {s such that a single jamming pulse will not cause 
sufficient error to move the tracking gates completely off the target pulse, but 
as the jamming pulses become Jarge and/or more frequent the probability 
becomes appreciable that a iarge enough succession of errors will occur in 
the same direction to move the gates off the target pulse, and break-lock 
occurs. 

From the above considerations It appears that the rms error caused by a 
given jamming signal would vary inversely as the tracking time constant and 
this is Indeed the case. However, break-lock is a peak error phenomenon and 
it can be shown (Reference 31) that the J/S ratio required to break-lock Is 
essentially independent of the response time of the tracking circults. The 
tine required to break-lock however, once the required J/S ratiu is achieved, 
is proportional to the tracker response time so that long tracker integrating 
times (i.e. a slowly acting servo) affords a great deal of protection against 
intermittent jamming. Of course, as implied above, a Jong Integrating time 
also makes successful gate grabbing more difficult. 

It was stated In the discussion of the effect of noise on the tracking cir- 
cuita that both the amplitude and frequency of occurrence of the jamming 
pulses influence the resulting error, It follows then that large, scarce pulses 
can be as effective as amuller frequent pulses. However, it is a simple matter 
for the radar to be made to discriminate against these large, scarce pulses 
merely by limiting the video at the peak value of the algnal. 

If the janvming algnal is such that the Jamming pulses at the radar video 
are overlapping to a large extent, limiting alone no longer affords protection 
to the tracking circuits since the target pulse will now be riding on top of 
the jamming signal and will be destroyed by the clipping. 

In considering Jamming of a range tracking radar it should be kept In 
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mind that large, ground based tracking systems can afford to and often do 
have a human operator either monitoring the range channel or manually 
tracking the target using ar: A-scope presentation. 

Considerable work has beer: done un the effects of nolse and jemming on 
an A-scope presenta.ion (References 1, 35, 36, and 37). Lawson and Uhlen- 
beck particularly have considered the role of various radar paramenters on 
these effects. Many cf the factors considered in these studies are of interest 
only in the Jamming of an A-scope in a search radar. 

In the case of tracking radar, where the target is being searchlighted and 
the target pulse is constantly dispiayed on the scope, successful noise jam- 
ming requires that there be essentially no blank spaces in the jamming video. 
If even a fairly smali percentage of the target pulses sre unobscured, the 
correlating effect of the A-scope allows them to be seen through the nolse. 
if frequent but short blank spaces occur In the jamming, the baseline of the 
presentation becomes pronounced and the target pulse can be detected by 
the baseline notch” effect. 

In view of the above discussion, it appears that a criterlon for effective, 
not easily counterod, obscuration jamming of elther an automatic range 
tracker or a manually aided tracker js that the video noise produced by the 
famming be dense in the vicinity of the target pulse for essentially every 
repetition of the pulse (Reference 38), Assuming no synchronization be- 
tween the jamming and the radar, this means that the jamming video be 
dense all of the cime ({.e. no holes in a time plot of the video). 

It shovld be kept in mind that, unless the spectrum of the jamming video 
covers the same band as does that of the signa!, the jamming can be at leaat 
partly discriminated against with simple filters. 

With the above considerations ln mind, the effectiveness of various Jam- 
ming signals agalnat range trackers can be considered. The techniques for 
generating these signals have been discussed in other chapters. The choice 
between DINA, AM-by-nolse or FM-by-nolse for a particular jamming ap- 
plication would probably depend more on such considerations as ease and 
efficiency of generation and the width of the r-f spectrum to be covered than 
on the effectiveness of the resulting signal. 

The effect of DINA on an automatic or manually aided range tracker is 
for most purposea the same as receiver noise if the width of the transmitted 
spectrum is greater than that of the victim radar. The latter condition should 
be satisfied to insure the generation of sufficiently wideband video nolse. 

Ampllitude-modulation by noise {s easily generated at relatively high power 
levela and for this reason is often used !n applications where a fixed or slowly 
tunahle spot jammer can be used, that is against fixed frequency radars. 

The development of voltage tunable power tutes has also made this tvpe 
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of jainming practical against even rapidly tuned radars with the help of some 
sort of automatic frequency lock-on technique. Here again though, the jammer 
output spectrum must be at least as wide as the passband of the victim 
radar in order to Insure sufficiently high frequencies in the resulting video. 
This meas of course that the jammer modulating noise would have a apec- 
iral distribution roughly equivalent io the passband of the victim radar's 
video amplifiers. This may be a rather severe requirement against raders 
using very short pulses on the order of 9.1 sec. 

The availability of high power BWO's such as the Carcinotron has made 
the generation of FM-by-noise practical at power levels r-quired for jain- 
ming. This type of Jamming is particularly sulted to barrage jamming over 
& wide band of frequencies, since the width of the output spectrum I[s deter- 
mined by the amplitude of the modulation signal rather than by {ts band- 
width. 

The barrage width required from a jammer wil! probably be dictated by 
such considerations ag the number of jammers available to cover a given 
barrage. Since the effectiveness of FM Jamming against an AM receiver 
depends on slope detection on the skirts of the radar recelver response curve, 
the Jammer frequency deviation should be at least several ti!mes as wide as 
the victim radar bandwidth, but since a need for wide irequency coverage is 
assumed, this requirement will automatically be satisfied. 

The response of a radar receiver to FM-by-noise has been discussed earlier 
in this chapter and /t will suffice to mention here that the need for producing 
wideband, everywhere denze video nolse in the radar receiver requires that 
the band of noise used for modulating the jarnmer be st least as wide as the 
victim receiver and preferably twice as wide. In effect what Is required is that 
the average time interval between passes of the jammer carrier through the 
recelver passband be less than the ringing time of the receiver (upproximately 
Y% BW). ht should be repeated here that if the radar !s unprotected by pulse 
interference rejecting or similar A-J circuits this requirement probably does 
not apply against a completely automatic tracking radar. 

Against a well protected radar the above requirement may very consider- 
ably decrease the effective width of a jamming barrage produced by FM-by- 
noise. For example If gaussian noise fs used as a modulating signal the 
average rate of passes through a receiver passband falls off fairly rapidly as 
the receiver is tuned away from the center of the barrage (References 5 and 
38). In addition to this the power density apectrum of the barrage will be 
approximately gaussian shaped so that the jamming power Intercepted by 
the victim receiver also falls off at and is tuned away from the center of 
the barrage (References 5 and 12). It is a fairly s!mple matter to change 
the character of the modulating noise in such a way as to result In a prac- 
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tically uniform power denalty across the entire jammer output barrage, but 
this causes tne average rate of passea through the carrier tc fall off even 
faster toward the edges of the barrage (Section 14.2.4), The wide band widths 
of most tracking radars make It difficult to solve this problem by the most | 
stralghtforward approach of including such high modulating frequencies that | 
the average rate of passes remains sufficiently high across most of tie band. 

Other solutions are being investigated (Reference 38) such as those sug- | 
gested by Middleton in Reference 5. 
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14.3.2.2 Velocity Trackers 
In some tracking redar applications, notably missile seckers, precise 
: unambiguous range information is not required and target discrimination 
may be accomplished on the basis of the doppler shift of the eche. This allows 
the use of a relatively simple type of radar, the c-w doppler radur, a block 
diagram of which is shown in Figure 14-14, As the name implies, the trans- 
mitted signal is unmodulated (ez- | 
cept perhaps for coding purposes). 
The return signal is shifted in fre- 


quency by an amount depending 
on the radial velocity of the target. 
The speed gate shown within the ’ 


dotted lines is a servo loop which 
in effect tracks the doppler shift 
with a very narrow filter. The angle 
tracker responds only to those sig- 
nals which indicate the proper 
radial velocity. 

Because of the 100 percent duty | 
cycle of the transmitter, time shar- | 
ing between tranamitter and re- 
ceiver is not rossible and a serious 
isolation problem results, The transmitted power of such a radar must be 
limited to a relatively low level to prevent blocking of the receiver. 

To avold this isolation problem some doppler radars have pulsed trans- 
mitters with a receiver blanking gate during the transmitted pulse which 
allows much higher transmitted power, In order to avold doppler ambiguities 
these radars inust have a very high pulse repetition frequency and hence a 
very high duty ratio. For practical purpusea doppler tracking is usually 
done only on the main line of the received signal spectrum. 

Range information can be obtained with a pulse doppler radar at the 
expense of considerable complication. A method of range tracking which is 
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sometimes used is shown in Figure !4- 
13, Since only one line of the algnal 
spectrum {is passed by the specd gate, 
the signal at the range tracker Is no 
longer a pulse. Range error is deter- 
mined by time jittering the gate ap- 
plied to the signal in the receiver. 
This imposes on the algnal an ampli- 
tude modulation which Is retained on 
the output of the speed gate. This 
modulation is analyzed in the range 
tracker to determine the magnitude 
Fiovar 14-15 A simplified pulse doppler and direction of tha range error, and 

fades the appropriate correction made to 
center the range gate on the target pulse. 

Because of the high prf the range Information is ambiguous, If unambig- 
uous range is required the ambiquities can be resolved by switching the prf. 
Another effect of the high prf is eclipsing of the return aignai from one trans- 
mitted pulse by a later pulse. In some models eclipsing is avolded by varying 
the prf in such a way that the return signal always falls between two trans- 
missions. 

The moat important difference between the two types of doppler radar 
from the ECM viewpoint is the higher power of the pulse type, and jamming 
techniques designed to be used against them are quite similar. 

Because of the extremely narrow bandwidth of the speed gate filtez, bar- 
rage jamming of elther the C-W or pulse doppler radar would be very in- 
efficient. Spot nolse jamming also would seem to be very difficult because of 
the required accuracy in frequency set-on. 

Repeater jammers naturally satisfy the accurate frequency set-on require- 
ments and at the 2zame time lend themselves very we'l to deception tech- 
niques. Repeaters are described elsewhere in this volume an so will be dis- 
cussed very briefly. 

Since the doppler radar achieves target selection by tracking the frequency 
shift of the target echo, one goal of the jammer is to cause the speed gate to 
move away from the true doppler frequency. This can be accomplished by 
imposing a false frequency shift on the repeated signal, starting the shift at 
zero and gradually increasing it. If the frequency shift is then abruptly re- 
duced to zero again the speed gate will no longer be tracking and reacquisl- 
tion is necessary. 

The requirements on the jammer to accomplish this speed-gate grabbing 
are only that the repeated signal exceed the normal skin return from the 
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target and that ihs pull-off rate be kept within the sc 
the victim radar tracking loop. 

tf the victim radar is a puise-doppler type (References 39 and 49) 280 
that range information is available (even though it may be ambiguous), 
range rate may be determined and compared with the apparent radial ve!- 
ocity indicated by the doppler shift. If the tracking loop {s mede to ignore 
doppler shifts which do not agree with the range rate measurement the gates 
would remain locked on the true doppler shift. 

One sugrested jamming technique for countering this CCM is to use a 
pulsed repeater and vary the delay of the repeated pulse to cause an ap- 
parent chunge in radial velocity. This apparent rate of change of range is 

b made to agree with the false doppler imposed on the repeated signal. In cer- 
tain applications the doppler shift of the target echo may be used for other 
purposes than target discrimination, For example the detonation of a guided 
missile fuze is often controlled by the Indicated radial velocity of the target. 
In such a case jamming may be more effective if the false doppler signal '« 
programmed to cause premature detonation of the missile warhead. 

Sliwe the angle tracking Joop of a doppler radar derives error information 
from only that part of the signa! which is passed by the speed gate, capture 
of the speed gate makes possible the introduction of false angle information 
also (References 41 and 42), This may be accomplished by modulations dis- 
cussed In the following sections. 


14.3.2.8 Angle Trackers 

Conical-Scan Tracking. The effect of jamming signals on conical-scan | 
angle trackers will probably continue to be an important consideration in | 
the design cf countermeasures systems te be used against airborne tracking 
radars, particularly missile seekers, since there appears to be a strong prefer- 
ence for conical-scan tracking in these applications. ; | 

The operation of a conical-scan tracker Js shown In Figure 14-16. Aluhough | 
targt selection is achieved in this example by range gating it may also be | 
done on the baaia of radial velocity as described previously. | 

As the antenna rotates, the narrow pencil beam scans a cone shaped pat- 
tern. If the target is not on the axis of the scanned cone, the amplitude of 
the signal return will vary sinusoidally at the scanning frequency. The mag- 
nitude of the variation is proportional to the magnitude of the error, and the 
phase of the variation, with respect to reference signals generated within the 
radar, Indicates the direction of the error. The error signal and reference 
signal are used as shown to position the antenna mount In a direction to re- 
duce the error to zero. 

If the radar is of the pulse type, the angular error is derived from that 
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Frourne 14-16 Conical-scan angle tracker 


pert of the return signal which hes been selected by the range gates. This !s 
necessary so that returns from objects In approximately the same direction, 
but at different ranges will not influence the tracker. 

In order tc counter such a radar a jammer must elther prevent the radar 
from detecting the amplitude variations which indicate an error or cause 
within the radar an apparent error signal which will be acceptable to the 
error detecting circuits but which differs from the true error in such a way 
that the tracking error is increased. The latter method will be referred to as 
deception Jamming. 

Examples of the first, or masking type, of jamming are c-w and high- 
frequency noise such as described above for range tracker jamming. In spite 
of the age, it Is often falrly easy ww saturate the radar receiver with elther 
cw or nolse so that the amplitude variations, which Indicate an error, ere 
lost. 

There are CCM available which prevent saturation and make It possible 
for a con-scan tracker to track the nolse source itself. However, these anti- 
jem techniques involve a loss of target discrimination by range yates or speed 
gates no that although the radar could angle track on a single noise source it 
should be vulnerable to dispersed noise Jammers, particularily during the ac- 
quisition phase. Such a dispersion can be accompiished by a number of 
techniques such as jammer carrying decoys, many aircraft in a formation 
equipped with jammers, illuminating chaff clouds with noise, eic. 

Deception janiming (References 42 and 43) in general requires less power 
than masking since it la not necesgavy to caturate the radar, 

To use the deception type of jamming against a pulse radar it is not 
enough merely to amplitude modulate a c-w carrier with the con-scan lobing 
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frequency since the video amplifier of the radar will usually refect such low 
frequencies. It is necessary to superimpose the false error algnal on a modu- 
lation which will be passed by the redar video ampiifier. This latter modula- 
tion can of course be pulse synchronized with the radar pulses as in a repeater 
or some other type of high frequency modulation such as that used against 
the range tracker above. 

The low frequency false error modulation can then be superimposed by 
empiltude modulating at the desired frequency or by frequency modutating 
at half the desired frequency with a deviation of several receiver bandwidtis. 

In order to implement the deception type of jamming most efficiently, the 
scanning rate of the radar antenna must be known. If the radar uses the same 
antenna for transmissicn and reception, the radar pulses incident on the tar- 
get will vary in amplitude at the scanning rate whenever there is a tracking 
error, If, however, the radar is semiactive, that is the transmitter Is Iccated 
remotely from the receiver as in the case cf many missile-borne homing 
radars, then the transmitting antenna js not scanned and It is very difficult, 
{{ not impossible to observe the radar scan frequency. Some later models of 
active conical scan radars have been designed to prevent scanning of the 
transmitted beam. Wit. sufficient intelligence information it may be possible 
to predict, within sufficiently narrow limits, the scanning rate of a radar 
likely to be encountered in a given situation. 

For convenience of discussion we will consider three different cases: 
(1) The frequency and phase of the victim radar scan rate are observed; 
(2) The scan rate is not observed, but a probable scan rate js known within 
say a few percent and (3) No Information is available regarding the se. 
rate, 

In case (i) the optimum false error signal with which to modulate tke 
jamming Is obviously a sine wave at the scan frequency but differing in 
phase. In case (2) the band of possible scan frequencies can be covered either 
by slowly sweeping the jammer modulating frequency cr by modulating with 
a narrow band of noise centered at the most likely frequency. 

In case (3) it can only be assumed that if the victim radar /s a con-scan 
radar its acan-frequency is somewhere between 2Gcps and several thousand 
cps. It is not practical to modulate the jamming signal with a band of nolse 
whose spectrum covers this wide range of frequencies since the radar angle 
tracking servo responds only to modulation at frequencies within about one 
cycle per second of the scan frequency, 30 only a very small percentage of 
the jamming power would be effective. Similarly, i¢ would not be practical 
to sweep the modulating frequency over the band since the response of the 
servo is such that times of the order of one second are required to cause a 
substantial errov, If the sweep speed is slow enough so that the modulating 
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frequency is within the passband of the servo for about ons second, it would 
take about 15 minutes to cover the range of posaibie freciuencies, and evan 
then there would be sn error caused for only about two seconds of each 
aweep. It appears that in this last case the deceptive type of angle jamming 
has littls value although the masking type mentioned previously would still 
be effective, causing the radar to lose range information and to sacrifice 
terget discrimination ln order to home on the jamming signal. Since in this 
case the signal amplitude varist'on which is characteristic of con-acan radars 
is not observed, one would probably not know whether the victim radar is 
conical-scan or a monopulse radar and the best approach would seem to be 
to treat it as If it were the latter. Countermeasures against monopulse radars 
are discussed in the following section. 


Monopulie. The sequential nature of error detection in the conical scan 
tracker sometimes results in nolay tracking and is also the source of a vulner- 
ability 2o cartain types of jamming. In a monopulse tracking radar, angle 
information is derived from each pulse. Monopulse radars fall into three 
groupa—amplitude compurizon or simultaneous lobing, phase comparison 
or interferometer, und a combination of the first (wo. 

An amplitude comparison monopulse radar ia shown in Figure 14-17. Two 
identical channels are required to track In both asimuth az:! elevation. Each 
channel has two antennas, cocked slightly so that their center lines form an 
angie as shown, An angle error Is indicated by a differunce in amplitude of the 
signal return in the two channels. The amplitude comparison can be made 
at any stege of the radar (r-f, |-f, or video). In the example shown the com- 
parison is made at r-f, while the actual error Is determined by phase detect- 
ing the difference signal with the sum *!enal. 

In a phase comparison monopulse, Figure 14-8, the two horns of a chan- 
nel are placed so that their centerlines are Jn the same direction but the horns 
themselves are displaced by several wavelengtns. If a target Is on the center- 
line the return signals to the two horns will be in phase. If the target is off 
the centerline the signal will reach one horn before the other and the hern 
signals will be out of phase by an ainount depending on the angular error 
and the horn separation. 

The above systems require four antennas to track In azimuth and cleva- 
tion. A systern has been designed which reduces the number of antennas to 
two by combining the amplitude and phase comparison types. If two antennas 
are mounted so that they are diaplaced {n the horizontal (Figure 14-19) and 
thelr center lines form an angle in tne vertical plane, then azimuth elevation 
error will be indicated by a phase difference and elevation error by an ampli: 
tude difference. 
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Fiovar 14-17 Amplitude comparison monopulse 


Of ike three types described, amplitude comparison appears to be by far 
the most common. The complexity of the waveguide cizcultry of monopulse 
radars has discouraged thelr use in some airborne applications, particularly 
missile seekers, but they are widely used in ground based fire control systems. 

Jamming techniques againet monopuise radars can be divided into the foal- 
lowing groups (Reference 44): 


A, Off-Frequency Jamming (which depends on imperfections of design or 
construction) 
1, Image Jamming 
2, Skirt Frequency Jamming 
B. Multiple Source Methods 
1, Blinking 
2, Formation Jaroming 
5. Cross-Eye 


Image jamming (Reference 45), that {s jamming at the image frequency 
of the radar, depends on the fact that the phase angle at i-f between two 
signals at the image frequency is the reverse of that which would appear at 
i-f if the two signals were at the normal response frequency of the receiver, 
Since the phase comparison monopulse determines the direction of the error 
by the direction of the phase error between the two horn algnals, image jam- 
ming causes the antenna to be driven away from the target |i the jamming 
power exceeds signal power. 
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In some monopulse radars slight differences In length of signal paths from 
the horns are compensated for by phase shifts at |-f, For signals at the image 
frequency however, the compensating phase shift adds to the original phase 
shift and the original error is doubied Instead of being canceled, This effect 
can be obtained even in amplitude comparison radars if the compensated 
error is large enough. 

Image rejection in the radar would eliminate, or at least make mare diffi- 
cult, effective Image jamming. 

Skirt frequency jamming refers to Jamming at frequencies on the skirts of 
the response curve of the radar. Its effectiveness depends on unbalances be- 
tween sum and difference channels at these frequencies where rapid phase 
shifts are present in each channel. Of course it can be effectively countered 
", © seful design and construction of the radar. 

A well designed monopulse radar can track very effectively on a single 
source of noise jamming (Reference 46). However, in most applications of 
monopulse, range information is also required and as discussed previously, 
nolse Jamming is an effective countermeasure against range trackers. 

Whether target range or doppler shift is used for target discrimination, 
nolse jammers located remotely from the target will affect the angle tracking 
circults and cause an error since neither time nor frequency gatlag will favor 
nolne radiated from the target. Dispersed jammer techniques should be as 
effective against monopulse as against conical-scan radars which were als- 
cussed previously. 

Blinking refers to jamming (elther nolse or repeated signal) alternately 
from displaced points In an aircraft or from separate aircraft. The effect is 
to increase the wander of the tracking point. 

Cross-eye (References 47, 48, 49, 5C, and 51) or phase front distortion Is 
a muitiple source technique in which radar signals recelved at one point in 
an aircraft are amplified and retransmitted from a second point as far as 
possible from the first, while signals received at the second point are shifted 
in phase by 180 degrees and retransmitted from the first point. Analysis of 
the technique is quite complicated but it appears that a large jamming to 
signal ratio {s required to be effective. Because of Inherent delays in the 
retransmission, the technique can be countered by obtaining angle informa- 
tion from only the leading portion of the signal pulse. 

A summary of the above techniques is given in Figure 14-20, which waa 
taken from a paper (Reference 44) by Walters of the Johns Hopkins Uri- 
versity Radiation Laboratory. 
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Froure 14-20 Summary of monopulee jamming techniques 


14.8.3 Experimental Methods of Determining Jamming 
Effectiveness 


Simulation. Because the weight or space allocated to ECM equipment Is 
necessurily limited, and since the weight ot the equipment increases rapidly 
with an increase in powei cutput capablilty, it {s important that the jamming 
signal radiated by the equipment be designed for maximum effectiveness, for a 
given amount of power. Although field testing is essential as a final step in 
verifying the effectiveness of jamming equipment, rellable data regarding 
the relative effectiveness of various types of jamming signals is best obtained 
In a laboratory type test (References 1, 12, 31, 36, and 37). Since the para- 
meter of principal interest is the ratio cf jamming power to signal power 
required to produce a giver: degree of jamming of a particular type of radar, 
jt is desirable to control as many as possible of the other variables involved 
such as: target velocity, range and aspect; jammer antenna pattern; signal 
and jamming propagation; ground cliittes, etc. 
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In the field it Is very difficult to reproduce test conditions several times in 
order to determine the relative eflectiveness of several types of jamming sig- 
nals, whereas in the laboratory it is relatively simple to bold constant all of 
the parameters which would affect the comparison. 

+: Mle the ultimate tn versatility and control of conditions is probably 
achieved by complete simulation of the radar by means of an analog com- 
puter, it often requires a sacrifice in reallem, for example, the antenna and 
r-f circuitry of the radar and jammer may be over-simpl!fied. 

A good compromise between ree!ism and versatility appears to be to set 
up un ectual radar on a test range with a reflector or a repeater to provide 
a target signal (References 31 and 52). The jamming signals to be evaluated 
can be transmitted to the radar from the same location as the simulated 
target to provide a completely closed loop test. It is a relatively simpie matter 
to instrument the radar and signa! source to Indicate the actual error pro- 
duced by Jamming as well as the tracking error present without jamming. 


Test Range. An exemple of such a test range is the one at the Johns 
Hopkins University Radiation Laboratory. The range is Indoors and about 
40 feet long which Ie sutticlent to avoid near field antenna effects with smal! 
uirborne radars. In order to simulate targets at realistic ranges an AN//UPM- 
11 range calibrator Is used. This device mixes the signal from the radar with 
a local oscillator signal. delays the I-f algnal with a quartz delay line and 
uses the aame local oscillator to convert the delayed {-/ signal back to the 
original frequency. \Vith this device any modulation of the Illuminating 
energy (due for example, tc scanning of the radar antennc) {s retained in 
the simulated echo signal. 

If a realistically nolsy target signal is desired the AN/UPM-1! has pro- 
visions for amplitude modulating the repeated signal in accordance with an 
external voltage. 

Since the delay line In the UPM-11 is fixed, target range motion is slm- 
ulated by delaying the synchronizing pulse In the radar and varying the delay 
time. Angle motion of the target Is accomplished by attaching the horn of 
the AN/UPM:11 to the end of a movable arm and feeding the horn through 
a rotating feed. 

Because of the short ranges involved the radar transmitted power Is 
reduced by means of a directional coupler and a dummy Joa. The short 
range also reduces the required power level of the jamming sources, and 
makes possible the testing of some Jamming signals which may not yet be 
available at power levels required under fleld conditions. 


For example using a low power klystron as the primary source it is rela- 
tively easy to produce (References 31 and 30): frequency modulation of the 
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klystron by a wide variety of waveforms, including nolse, up through video 
frequencies; amplitude modulation at high audio frequencies by using ferrite 
modulators; suppressed carriers AM by video frequency or i-f aignals or noise 
by means of balanced mixers; single sideband, suppressed carvier AM by 
video or i-f signals or nolse by means ui a modified balanced mixer, 

Cf course other jamming signals can be generated using traveling wave 
tubes and carcinotrons, etc. 


Measurement of Jamming to Signai Ratio. The ratio of total jamming 
power to peak signal power is easily measured at tha feed of the repeater 
jamming horn. If a calibrated attenuator {2 used to vary the jamming level, 
the jamming power can be read with a bolometer at one attenuetcr setting 
and other settings related to it. 

One technique for measuring signal power at this pelnt fa to fix the radar 
receiver galn, noting the peak signal amplitude at video, then substituting . 
calibrated signal generator for the UPM-1! and noting the output level oe. 
which the signal produced at the radar videc equais that previously obtained 
from the UPM-11, The signal generator car be eanily checked against the 
bolometer used for the jammer power ineacurement. 

If a comparison is desired cf signal power and that portion of the jamming 
power which falls within the rader receiver passband, the mean square Output 
of the redat |-f emplifier can be measured with a cathode follower and an 
r-{ thermocouple. Since only a comparison of algnal and jamming power Is 
required, it is not necessary to calibrate the device. With the jammer turned 
off a signal power reference is obtained by noting the thermocouple output 
due to a c-w signal of the same level as the peak of the pulse signal used 
above. The jammer output leve! is adjusted with the calibrated attenuator to 
cause the same thermocouple output (with the signal off) and the attenustor 
reading noted. With this attenuator reading giving unity J/S, other readings 
can easily be related to it. Of course saturation of the radar receiver should 
be avolded during the power measurement. 


14.4 The Communications Jamming Probiem 


The problems of communications jamming differ from those of radar jam- 
ning In several respects. For example, the jamming transmitter does not 
necessarily have a distance advantage over the desired algnal tranamitter in 
the communications case, wherees in the radur case the jamming transmitter 
can take advantage of the two-way transmission requirements. Further, the 
communications signals in general have had thelr power concentrated in much 
smaller portions of the spectrum, although with spread-spectrum techniques 
seeing increasing application, this may not be true in the future. 





14-52 ELECTRONIC COUNTERMEASURES 


Two inodea ef radio communications which are important in modern 
warfare are volce and coded data links. In the gross aspect, hoth of these 
modulations are of continuous-wave type rather than being of a pulsed 
character, 


14.4.1 Data Link Jamming 

It is dificult to generalize about the characteristics of pulse-coded data 
link systems. Less laboratory evaluation work haz been done with ECM 
than in the voice communications case. It can probably be assumed that the 
designers of these systems have taken precautions to use utmost time and 
bandwidih economy io transmit the desired message. However, they still 
have the advantage In wide latitude of trade-off between message speed and 
bandwidth. Military data-link systems in the United States have shown in- 
dividual channel bandwidth differences of a thousand to one, with correspond- 
ing variations !n total message time. Systems In which individual channel 
bandwidth is very small generally employ frequency multiplexing ss well as 
time multiplexing to reduce the complexity of the system whereas with 
broadband syatems, time multiplexing suffices. 

Present systems are almoet completely nonredundant because of the 
elementary state of the data-link art, but future systems may well contain 
as much redundancy as is consistent with the amount of traffic to be handled 
by each channel. Presently, since the systems ere able to accept only signais 
conforming to a rigid set of time specifications, they are vulnerable to any 
sufficiently atrong extra energy pulse placed in the message bandwidth 
during the message time. The effect of such Interference is to cause rejec- 
tion of all signs's so disturbed. It is very doubtful whether “Intelligent” jem- 
mers which falsify the victim message are feasible. This is because of the 
high degree of intelligence Information which would be required and because 
of the hign degree of timing accuracy with which the Interfering signal 
would have to be injected In order not to interfere with the various parity 
checka in the victim signal. 

The addition of higher power transmitters and more directive antennas to 
the data-lin} systems will result in proportionately higher power required of 
the ECM « = oment, particularly in situations where receipt of an answer 
by a ground station js not necessary for continuous infosmation flow. Ground 
station powers may eventually becorne so great that alrborne data-link jam- 
mers are no longer feasible. 


14.4.2 Voice Communications Jamming 
The problem of denying the enemy utilization of the electromagnetic spec- 
trum for communication purposes is, like cther aspects of the countermeas- 


eee 


ee 


Fe Se er cre rrr 


a “OARS PS =i 
Ee ee Ly ATS eae SSSSEE We orm—rp steer werner 


EFFECTIVENESS OF JAMMING SIGNALS 14-53 


ures-countercountermeasuree game, changing as \ew communications tech- 
niques become an Integral part of the military ‘Icture. The developinent 
of spread-apectrum and noiselike modulation schemes, together with more 
sophisticated correlation methods for collapsing a broad spectrum back down 
into a narrc‘w bandwidth and bringing the signal up out cf the natural nolse 
or the jumining signal have changed the jammer’s problem from that of in- 
terceriing and Identifying a falrly narrow-band, high signal-to-noise ratio 
situation to one of distinguishing a pseudorandom process from truly random 
noise and devising a jamming technique which will be effective in rendering 
such a signal useless at the intended receiver where an appreciable amount 
of s priors information regarding the signal exists. Such trends require that 
the jammer have available more complete information on the target signal 
in order to accomplish its mission. Sophistication in Jamming techniques be- 
comes necessary simply because of the difficulty of utilizing brute force 
methods throughout the frequency spectrum. 

However, considering the very large number of communication systems 
employing cunventicrs!] AM and FM methods, it is well to examine also the 
janiming of such systeme and the attends! problems of evaluating Jamming 
efiectivensas. 


14.4.2.1 Theoretical Considerations 

Hok (Reference 53) has shown that the theoretically attainable jamming 
effectiveness grows directiy with the avallable statistical and exact historical 
information about the target signal. Utilization of this {nformation jn pro- 
duction of an effective jamming signal results in apecialized and elaborate 
jamming equipment with a resultant increase in the equipment’s vulncrabil- 
ity to changee Introduced in the target system. Repeaters and memory 
devices represent a trend toward such equipments insofer as they attenipt 
to make use of the information available to them and try to become par- 
tially predictive in thelr operation. 

The study of optimum Jamming signals {s dominated by those signals 
having a gaussian amplitude distribution because it has the highest entropy 
of any distribution of given average power, as well as providing the iargest 
entropy intersection attainable with any other exergy distribution, such as 
that of the target signal (Reference 53). The effect of the jamming is, 
desirably, to maximize the uncertainty et the receiver as to what target signal 
was transmitted. 

The generation of gaussian noise at appreciable power levels in various 
portions of the communication spectrum has always been a major problem 
and ac studies of the effectiveness of other jamming signals, such as ure repre- 
sented by carrier waves modulated by video frequency gaussian nolse or 
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other signals kave been of Interest (References $4, 55 and 56). Two of these 
signais are commonly referred to as AM-by-noise and FM-by-nolse. 

On a theoretical basis, Stewart (Reference 56) has concluded that €M-by- 
noise is superior to AM-by-nolse for general-purpose jamming of either AM 
or FM communications, particularly from the standpoint of existing tech- 
niques of power generation. 

Theoretical studies of the effectiveness of jamming signais may logically 
be expected to have made excellent use of the work of Kice and Shannon 
(References 57 and 58). Certainly the recuction in the capacity of a channel 
to transmit information is a suitable mcasure of the effectiveness of Jamming 
or of the resistance of the channel io famming activity. This point of view 
was manifested In part in Chapter 8 by Tanner in the discussion of “A 
System Approach to the Countermeasures Problem.” The experimentai justi- 
fication of the methods {s not quite so ciear-cut because of the difficulty in 
controlling or specifying all of the variables Involved in ‘est runs employing 
willful operators. Approaches to this problem are treated in the next section. 


14.4.2.2 Evaluation of Jars:ning Effectiveness 

Each of the several constraints characterising military communication 
systems—signal-to-nolae ratio, limited message ensemble size, coding opera- 
tions, feedback from receiver to transmitter, redundancy, time for message 
transmission, synchronization, type of modulation, directivity of the com- 
munication link, etc.—has a bearing on the jamming effort required to be 
effective. A simple “yes” or “no” is more difficult to jam than a quctation 
from a field manual. If the receiver can request a repetition or if the trans- 
mitter can switch to Morse code on demand, the jammer’s task is changed. 
It therefore becomes necessary to define a meaningful test which will yleld 
valid us well as reliable results. 

The time-honored method of checking communication systems is the use 
of the srticulation test. Extensive laboratory testing programs (References 
59, 60, 61, 62, 63, 64, and 65) have been carried out using the conventional 
test procedure in which a receiving operator writes dcwn each Isclated word 
he hears over the system under test and a percentage correct Is obtained 
as the measure of transmission success In the face of Jamming or Interference. 
General Elecizcnic Laboratories has developed an articulation testing device 
which ylelds an over-all evaluation of the system without the necessity for 
either a transmitting operator or receiving observer (References 59 and 63). 

One approach to the problem attempts to remove some of the objections 
to the articulation test procedure, these being the lack of consideration for 
the time of message transmission, the failure to ailow structure or redund- 
ancy in the transmitted message, and the lack of opportunity for feedback to 
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be incorporated, All of these characteristics appear in military transmissions. 
A consequence of these considerations was the development of the “Map 
Test” at the Electronic Defense Group at the University of Michigan. The 
test Is adequately covered in References 66, 67, 68, and 69. The basic idea 
is represented In Figures 14-21 and 14-22. The transmitting observer selects 
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Fiovrs 14-22 ‘Tha EDO diamond map 4 for six town routes 


one of « limited ensemble of 972 possible routes on a grid of ‘towns’ whose 
names are the letters cf the phonetic alphabet. Each route of six towns 
represents a fixed amount of information, 9.925 bits, to be transmitted in 
a minimum (and measured) amount of time when jamming !3 being utilized. 
The receiving operator records the route recelved on a similar grid. Various 
forms of feedback may be employed, such as a nolse-free channel, a jammed 
channel, a low-capacity channel with a light to eignal the transmitting oper- 
ator to proceed with the transmission. The limited choice available to the 
tranamitter at cach grid intersection is representative of the structured 
redundancy of the map; the recelving operator knows that only a limited 
choice Is possible. The measured time for transmission can be taken ax the 
jamming effectiveness measure for each J/S ratio and for each experimental 
arrangement of parameters. By way of reference, a six-town map can be 
transmitted in the clear in about two seconds by trained observers; ff they 
require more than twenty seconds fox transmission under jamming conditions, 
they stand a very small chance of getting the message through at all. The 
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test gives excellent quantitative results in the laboratory. Some examples of 
the effectiveness of various types of jamming of AM and FM systems as 
found in this type of test are given In Figures 14-23 and 14-24, 





iste a/b ea 
FiouRE 14-23 Standard map teat Ficvss 14-26 Pulsed FM-by-nolsc jamming 


The jamming of conventionel modulations such ss AM and FM has been 
well covered since World War II (References 70, 71, 72, 73, 74, and 7S) and 
jammers employing nolae or other random-character modulations for fre- 
quency modulation of an r-f carrler have been shown to be effective under 
ordinary circumetances, The effects of lack of set-on accuracy on the part of 
the jammer (Figure 14-25), the determination of optimum jammer para- 
meters for specified sltuations, and the effects of rece!lver counter-counter- 
measures tactics have been studied in detail. While no one set of numbers can 
be employed te cope with all fleld situations, the Figures 14-25 and 14-26 
represent some special cages, the former Illustrating the effect of jammer off- 
set in frequency with modulation parameters optimized for each misalign- 
ment value wher working agalnat an AM receiver, the latter showing a case 
against un FM receiver, the capture effect belng noticeable for the continuous 
jamming signal but being comparatively ineffective when used in a 50 per- 
cent duty cycle. It may be expected tha’ actuai field situations will require 
lower values of J/S because of the many nuisance factors at work against 
the target channel. 
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Frovar 14-45 FM-by-nolse jamming 
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Fiouns 14-26 Map test results comparing 
continuous and Interrupted FM-by-nolse 


jamming againet FM recelvor 


Oi concern in recent years has been the discovery that a ie:get FM receiver 
may detune from his own Intended transmission, and thereby from the jam- 
mer who can only assume & properly tuned system against which to operate, 
and be able to read through extremely high jamming levels (in terms of J/S 
at the recelver terminals) with little difficulty, This situation fs depicted in 
Figure 14-27 which shows laboratory data for a working r-f link subjected to 
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FM-by-nolse jamming. It Je ap- 
parent that the effectiveness of the 
jamming decreases as the recelver is 
detuned to the region of the back 
slopes of the over-all receiver char- 
acteristic. In view of the very large 
amount of FM equipment in use, 
this effect js a slgnificant threat. 
Hellwarth, Rothschild and Ross 
have studied this situation and 
concluded that a time-sampling 
phenomenon is at work, permitting 
samples of the intended transmis- 
lon to be taken at tlmea when the 


jamming signal {s cut of the passband of the receiver. Statistically, this 
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occurs cften encugh for normal modulation schemes so that the recelver !s 
able to construct an intelligible message at lerge J/S ratios. This work Is 
treated extensively in References 76 and 77. 

A means of combating the detuning effect, at the expense of jammer com- 
plexity and J/S ratio, is to arrange to have a jamming signal in the re- 
celver'’s passty od all of the time (Reference 76). Figure 14-28 illustrater 





Fravaz 14-28 Amplitude spectra of jamming signals used to defeat detuning 


three techniques for accomplishing this task. While the detuning scheme 
cannot be employed against r-f noise jamming, or DINA, a barrage jammer of 
this type requires several times as much power as the first two alternatives 
given in the figure. The third approach requires two separate transmitters, 
synchronously modulated by a video noise algnal. 

Detuning of an AM receiver is not an effective counter-counterrneasures 
technique. 

Because look-through on the part of the Jammer is often desired, and 
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because all look-through equipments involve a sampiing of the target trens- 
mission, the question of effectiveness of jamming which is time-shared 
arises. It has taen chown (Reference 78) that the effect of one type of time- 
sharing of FM-by-nolée !s to degrade the effectiveness of the jamming. 
Figure 14-29 illustrates thie altuation for various duty cycles of the jammer. 

The dealfablilty of having some 
knowledge of target-link behavior 
when subjected to jamming led to 
the development of a continuous- 
monitor jamming system which 
used the Jamming algnal as a loca! 
oscillator and synchronous control 
signal so that a visual display pro- 
vided continuous Information as to 
whether the victim had left the alr 
or not, Another feature was audible 
read-through 30 that an additional 
evaluation of the effectiveness of 
the jamming could be ascertained 
from the victim transmission and 
feedback. This work Is covered in 
Reference 79. 

Ai this writing two of the current 
1 ee problems In the study of famming 
Fioune 14-29 Tlme-shared FM-by-nolse jam- effectiveness center around single: 
RUPE ORES St ARIEINE ity “ores sideband and pseudorandom trans- 
missions. The former method of radio communication {s weil-known, 
although the problem of jamming such signals {s only now becoming of 
concern because of the Increasing adoption of SSB techniques by military 
organizations. 

Pseudorandom techniques are being found increasingly in radar, communi- 
cations and control systems (Reference 80). They are being used for one 
or more of three possible special objectives: an A-J] advantage, signal hiding, 
or message security. The firat objective concerns working aatiafactorily in the 
presence of a large amount of Jamming. The second considers an attempt to 
avoid detection by a nonintended receiver. The third relates to encoding 
prepertles which may accrue from the use of deterministic signals resulting 
from an application of a linear shift-register-generated sequence. 

In one form of employment (Reference 81), “elther one of two waveforms 
is broadcast from the transmitter; the receiver, which is generating the exact 
same sequence in synchronism with the transmitter, crcascorrelates {ts Inter- 
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nally generatea waveform with the incoming signal to determine which of the 
two was broadcast. The peculiar advantages of the digitally-generated wave- 
form in this application are that the resulting waveform has a wide 
bandwidth, the power is nearly uniform throughout the bandwidths, and the 
antocorrelation function {s approximately zero outside of the narrow peak at 
vero delay.” 

It is apparent that the Intended recelver already has a great deal of 
knowledge about the signal being transmitted. This aggravates the jam- 
mer’s problem in many cases if synchronism has been established because oi 
the possibility that the signal may be spread over an appreciable portion 
of th “»ectrum or may be so far down In the amblent noise as to be difficult 
to detec snd identify as une which should be jammed. Such a sophisticated 
system wh, «wire sophisticated jamming techniques If it is to be other than 
brute force in w. *"’ 

The bibliography on this chapter will be found to contaln many references 
whose tities will suggest other aspects of the jamming effectiveness studies 
wailch have taken place in recent years. 
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Radar ECM Repeaters and Transpeonders 


W. E. AYER 


18.1 Introduction 

Since World War II, a large and Important group of countermeasures 
techniques has been developed which is based on the iadiation of deceptive 
signals simulating radar target echoca, In comparison with 'ess sophisticated 
techniques such as spot and barrage jamming, these newer approaches are 
very attractive from the standpoint of average power requiroment and hence 
result In equipments which are light in weight and small In size. Repeaters 
and transponders make use of more of the characteristic Information of 
the signal to be countered and thus can be mere efficient in ‘‘getting Into” 
the radar receiver involved. In working against pulaed radars, for example, 
& repeater utilizes the time of arrival of individual pulses to determine 
the time of transmission of similar echo-like signals. The duty factor of the 
output stage of the repeater or transponder will thus be comparable with 
the duty factor of the radar helng deceived: “one-way” jammers (spot, awept, 
barrage) must have a continuous power output roughly equal to the peak 
ouiput of the repeater or transponder. 

Before proceeding with the discussion, definitions of the terms “repeater” 
and “transponder” will be given which are descriptive of such arrange- 
ments when used In electronic countermeasures, 

Repeater: A recelving-transmitting system which, during at least a 
portion of Its program of operation, automatically a:mplifies and reradiates 
the signal received at its input. 

Transponder: A _ receiving-tranamitting system which does not possess 
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the “straight-through” feature of tne repeater, but depends instead upon 
some frequency memory or tuning procedure to effect transmission at the 
approximate frequency of the input signal. 

It should be emphasized that these definitions are somewhat arbitrary 
and are formulated for maximum convenience with regerd to the counter- 
measures art. A particular concession In this direction {!s involved in the 
repeater definition. As will be shown later, systems of importance exist 
which start their “program” as atraight-through repeaters and finish In 
a transponder mode employing frequency memory. By definition, such 
arrangements will be called repeaters. 

The development of effective countermeasurea equipments employing 
repeater and tranaponder techniques has become possible with the availability 
of wideband VHF, UHF and microwave amplifiers and oscillatcrs. De- 
vices of fundamental importance to the new techniques Include distri- 
Duted amplifiers, traveling wave tubes (TWTs), backward-wave oscillators 
/‘BWOs) or carcinotrons, and voitage-tunable magnetrons. Distributed am- 
pliers are now guite commonplace and are treated in the Hterature of 
References ! ard 2. The various microwave tubes enumerated above are 
discussed in Chaptera 26 and 27. 

As Indicated previously, the common denominator of all systems In the 
repeater-transponder category Is their use of deception or confusion to 
counter the radar equipments which they operate against. Very real ad- 
vantages over so-called “brute force” techniques are available: (1) The low 
average power output requirersents gencrally result In equipmen‘s of modest 
size, weight, and power consumption. (2) In many situations, the successful 
operation of the equipment results in the desired nuiiification of the radar 
without betraying the fact that countermeasures are belng employed. This 
latter performance characteristic can be extremely important, for it means 
in effect that the enemy Is accepting incorrect Information and is being de- 
celved. In the presence of spot or barrage jumming, on the other hand, 
the enemy realizes that he is being Jammed and finds that the Information 
which he seeks is being denied him. He can then attempt to obtain the In- 
formation he wants by other techniques (radars In other frequency bands, 
triangulation on the jamming signal, etc.). 

To assume from this that all the advantages lie with repeater techniques, 
however, would be very dangerous indeed. Brute-force methods offer one 
extremely Important advantage not generally shared by repeaters and trans- 
ponders; it may be described by a single word: universality, A noise- 
modulated aignal of adequate power will obscure a target to all types of 
radar equipments. A pulsed reply of particular characteristics, on the other 
hand, may be expected tuo constitute an effective countermeasure only egainst 
a cpecific class of radars. Equipinents employing repeater techniques thus 
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must have thelr performance charecteristics tailored to perform given 
functions (though several operating modes may be combined in a cingle 
equipment). Although the limitation of nonuniversality makes it necessary 
to obtain intelligence information to ascertain the characteristics of the enemy 
redars and restricts the usefulness of a given equipment, the unique ac- 
vantages of deception and confusion systems, when properly used, make 
them an increasingly important part of the total countermeasures art. 

In Section 15.2, the parameters of the repeater-transponder problem are 
discussed, showing the relationships between systems gain, operating fre- 
quency, and target crose sectlon and radar and jammer output powers, radar- 
jammer range, and antenna gains. Section 15.3 is devoted to the arrange- 
ment of the r-f circultry of typical repeaters and transponders. Section 15.4 
treats the common deception techniques !n use today, with a discussion 
of the general nature of circult arrangements which will produce the various 
deceptive modulations. 


15.2 Parameters of the Problem 

To establish the possibility of deceiving an active system by means of 
repeater or transponder tecliniques, the deception system must possess ade- 
quate gain ard power output capability to provide a signal at the radar 
receiver input which Is at least commensurate with the true echo signa! 
received from the countermeasure-equipped target. The gain end power 
requirements may be separated conveniently since they depend upon several 
different parameters. 

The total gain requirement {s directly determined by three considerations: 


1, The effective radar cross section of the countermeasute-equippod target. 

2. The jamming-to-echo signal ratio (J/S ratio) required to produce 
the desired effect at the radar. 

3. The frequency of operation. 

A plot of the system gain require- 
ment to produce unity J/S ratio at 
the radar is given in Figure 15-1. 
The chart Is used by locating the 
intersection of operating frequency 
and target cross section Hines and 
interpolating the system gain from 
ine adjacent constant-gain lines. 
3 Thus for a target cross section 
= yn | on Tie Of 100 square meters and an operat- 

i a lh ing frequency of 100 megacyles per 
Fiouar 15-1 System Galn Re- second, a yaln of approximately 62 

quired for Unity J/S Ratlo decibels {s required for unity J/S. Ifa 
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falily typical J/S of 10 decibels were desired, the corresponding system 
gain requirement would be 72 decibels. The total system gain thus deter- 
mined Includes receiving and transmitting antenna gains referred to an 
Isotropic radiator as well as the net “electronic” gain in the repeater proper. 
Thus, {f horn antennas having 10 decibels gain were used for transmitting 
and recelving at the repeater, the active gain requirement in the above 
example would be 72 minus 20 or 52 decibels. 

The system gain requirement is almply the ratio of the effective radar cross 
section to be simulated to the capture area of an isutropic radiator. For the 
unity J/S condition plotted in Figure 15-1, the required power gain [s given 
by 


G = 1.4 10% A, (Fe)? (15-1) 


where A, is the target cross sectlon In square meters and F {a the operating 
frequency in megacycles per second. The gain requirement as developed in 
the example above must frequently be considered tc be a minimum value 
which is reached as the radar-to-target range decreases to the smallest 
separation at which the postulated J/S ratio Is to be obtained. In all systems 
in which saturation (power limiting) is approached or achieved at this 
closest point of approach, the system gain will decrease with decreasing range. 
Thus, achlevement of the desired gain at minimum range will result in 
a gain in excess of the required value for large ranges. Allowance must be 
made for this “excess gain” In all syatems depending upon isolating 
mechanisms to prevent loop oscillation. 

The inaximum power output that must be developed by the equipment 
is determined by the following factors: 


1) The effective radar cross section of the countermeasures-equipped 
ta. cet. 

2) The J/S ratio required to produce the cosired effect at the radar. 

3) The power gain of the countermeasure trenamitting antenna. 

4) The effective radiated power (ERP) of the radar to be countered, 

$5) The minimum range at which the countermeasure js to perform. 


Items 1 and 2 determine hew large an apparent target the equipment must 
simulate and are ideitica) to the first two considerations previcusly stated 
for gain determination. Item 3 is conveniently thought of as establishing 
the transmitting antenna crogs section with which the desired apparent target 
size must be simulated. Items 4 and 5, in conjunction with 1, determine the 
true target echo power with which the countermeasure must compete. 
The calculation of the power output requirement may be carried through 
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as follows: (i) Determ!ne the incident power density at the target by means 
of the relation 


? 
len 22 aor waits per square meter (15-2) 


where P, and G, are the output power In watts, and the antenna power gain 
of the radar to be countered and & Is the radar-to-target range in meters. (2) 
Find the apparent reradiated (target echo) power by multiplying the power 
Gensity by the radar cross section (uv) of the target. (Thle nower is that which, 
if radiated at the target by an Isotropic antenna, would produce a signal 
at the radar equal to that due te reflection from the target.) (3) Find the 
“electronic” power output (P,) required of the countermeasure by multiplying 
the reradiate1 power from step (2) by the J/S ratlo desired and dividing 
by the gain of the cransmitting antenna (G,) referred tc an isotropic radiator. 
The above series of steps may be combined to give the following expression: 


P, = ine ° as watts (18-3) 


Equation (15-3) has been utilized 
to develop Figure 18-2. In this 
plot, normalized values of 1 square 
meter for target cross section and 
unity J/S ratio have been utilized. 
The use of the chart is readily 
understood by following through en 
example. Assume the following par- 
ameters: 





P, =: 250 kw (+54 dbw) 
G, == 1250 (31 db) 
R= 10 nautical miles 
Froure 15-2 Effective Radiated a = 100 m* (+20 db) 
Repeater Power for Unity J/S J/S = 10 (10 db) 
Ratlo G, == 10 (10 db) 


The combination of ?, and G, gives an ERP for the radar of +85 dbw. An 
ordinate of this value and an abscissa of 10 miles yields a normalized ERP 
of —11 dbw. This is converted to equipment power output by adding 20 
db for the assumed !00 square meter radar cross section, adding 10 db 
for the desired J/S ratio, and subtracting 10 db for the countermeasure 
transmitting antenna gain, The required power output Is thus —11 dbw + 
20 db = +9 dbw or & watts. 
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For the hypothetical situation assumed in the example just carried through, 
the minimum galn and power output requirements for the equipment have 
been established at the minimum range at which specified performance is re- 
quired, With these two quantitles determined, the minimum-range input 
signal may be found directly. The Input signai to the repeater is equai to its 
requlred power output (+9 dbw) less the required electronic gain (52 db). 
Referring the output power to a milliwatt, Pi, <= +39 dbm —S2 db = 
— 13 dbm for the example cited. As the range is changed, the output power 
required varies In accordance with 20 logio (Rs/R1), corresponding to a 
20 db change for a 10 to 1 range variation. The corresponding input signal 
power will vary in the same way with range, whereas the required gain will 
remain constant. 

With all parameters of the problem specified, the minimum gain and 
minimum output power as determined above may be sald to be “consistent.” 
That Is, an equipment designed with galn and power output capabilities pro- 
portioned as Indicated will become galn- and power-limited simultaneously 
as range decreases (o the value utilized in the design. If similar performance 
is then required at a smaller range or against a more powerful radar, for 
example, a proportional Increase in both the gain and power output of the 
repeater will be required, 


15.3 Basle Radic Frequency Systems 

In this section, several of the basic arrangements will be considered by 
means of block diagrams, followed by a description of the various tech- 
niquea and devices currently utilized for signal amplification. 


15.8.2 Straight-Through Repeaters 
The slmplest r-f arrangement, conceptual.,, and one of considerable prac- 
tical importance, is shown in the biock 


—— rae diagram of Figure 15-3. This configura- 
tion is referred to as ‘straight through”’ 

iercsdteediivcapeatateas because the signal is received, amplified, 

mneDand enetie and reradiated without frequency trans- 


lation. It is “wide open” in frequency in 
i yOu Wide- the sense that it is receptive at all timen 
n to input signals anywhere within its 
operating-frequency range. A fundamental (and frequently difficult) re- 
quirement of this arrangement {a that the decoupling or Isolation between 
recelving and transmitting antennas must exceed the active gain at all fre- 
quencies, If this requirement !s not met, the system will oxciliate at one or 
more “natural” frequencies determined by the amplitude and phase char- 
acterlatica of the complete loop. 
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15.8.2 Swept Repeaters 

For sone deception systems, it may be necessary, desirable, or both, to 
Operate or a sweeping narrow-band basis rather than on the continuously 
wide-open basis discussed xbove. Thus, if a number of c-w signals are present 
simultaneously and can be countered effectively by periodic replies from 
the repeater, this arrangemen? may be advisadle. The peak output capability 
of the equipment !s thereby reduced to that required to handle a single signa), 
and probleins of amal!-signal suppression are largely eliminated. 

In its almplest form, such a system would appear as the straight-through 
repeater of Figure 15-3, wich the addition of a swept narrow-band filter 
(perhaps a motor-driven cavity) in serlea with the amplifier chain ahead 
of the output stage. A more elegant e'pronch, potsessing several advan- 
tages «ver the simple swept filter ar- 
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rangeme.. ‘'s ill: .crated In Figure 15-4. 
The incoming agnals are first ampli- 
fied, then translated by means of a 
mixer and swept local oscillator to a 
convenient Intermediate frequency. 
Most of the required system gain is 
achieved by a narrow-band [-f ampli- 
fier, after which the signal is translated ‘ 
back to the received frequency by 
means of a second mixer and the 
Fiovar 15-4 Swept DoubleCen- = common focal oscillator. This ampli- 
vactien Reenter fied signal then drives the broadband 
power output stage and the signal is reradiated. In this arrangement, only \ 
a small portion of the total gain must be achieved on a broadband basis, 
simplifying the circultry. A second advantage, to be discussed in more de- 
tail later, is that delay may be conveniently Introduced in the !-f section 
to cause a shift of the transmitted signal frequency with reapect to that 
of the recelved signal. This effect, which can disrupt the operation of some 
active systems utilizing doppler shift, results from the change in the output 
frequency of the swept local oscillator, which occurs during the time re- 
quired {sr the signal to pass through the I-f section. 





15.3.3 Geted Repeaters 

In applications where it is impractical to obtain sufficient isolation between 
receiving and transmitting antennas to prevent repeater oscillation, or when 
it is necessary to perform both the receiving and transmitting function with a 
single antenna, It Is necessary to introduce time gating. A simple gated two- 
antenna repeater is illustrated in Figure 15-5, and its operating program in 
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Figure 15-6. Starting at the beginning 
of a receiving pesiod, the input amplifier 
is gated “on” and the output amplifier 
gated ‘“‘o%.” The tranamitting period 
starts at the end of the receiving period 
and lasts for a tlne 7p, at which time 
the output amplifier is gated “off.” For 
a period 7,, both output and input 
amplifiers are held off. This time, fre- 
quently described as the “‘cool-off pe- 
riod,” {s required to alluw direct signals 
between antennas a3 well as refiectiois 
Frouns 15-5 Simple Geted Repeater = from nearby objects to fall below the 
' input amplifier threshold. The jiength 





7 he Te Toe ¥ of thie off period depends upon the 
characteristics of the particular re- 
¢ peater Involved and the environment 


in which the antenna(s) operate. 

Allowance for the loss of on-fre- 
quency galn and power resulting from 
the Iess-than-unity duty cycle inherent in gated systems is necessary. Usually, 
the gain and power outpuc must be Increased by the factor (1/4)* over 
the values determined in Section 15.2, A is the tzansmitting duty factor, 
To/(32T> + T;). Thus lf A is 0.316, “peak” gain and power output must be 
increased by 10 decibels to realizy the desired on-frequency values. This 
relation holds exactly when the repetition frequency of the gating system 
is in excess of half the receiving bandwidth of the active system being 
countered, so that none of the sideband power resulting from the gating 
process Is effective. The (!/A)® factor is thus simply the ratio of carrier 
power to peak power for a gated signal. In practice, it js usually found that 
the relation is correct for equipments designed to work against {nherently 
narrow-band c-w systems, but {s slightly pessimistic where active systems 
employing short pulses are concerned. 


Tera rae a 
Fiovre 15-6 Program of Gated Repeater 


15.3.4 Single-Frequency Traneponders 

The basic arrangement of a simple single-frequency transponder is shown 
in Figure 15-7, This sort of equipment, in view of its restricted capability, 
has largely been supplanted by more versatile devices. Operation of the 
system of Figure 15-7 is as follows: The recelver (typically a supezhe- 
terodyne) is tuned to the frequency of the radar to be countered to provide 
a trigger pulse to the transmitter each time a puise Is recelved. The trans- 
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mitter is similariy tuned to the radar 
frequency and transmits one or more 
pulses for each trigger input, the nuni- 
ber and timing of the output pulses 
constituting the deception. A transmit/re- 
celve switch (Ti ‘ amillar in radar 
practice {s utilized to allow operation of 
Fine 15-7 Simple-Single-Frequency the equinment with # single antenna. 

Drenepekagee This type of device, without deceptive 
moauiation, is in common usenge es e radar beacon to identify and extend the 
detection range of friendly aircraft. 





15.8.5 Search-Lock-Jam Transponders* 

A much more sophisticated transponder than that shown in Figure 15-7 
eniploys very rapid automatic tuning tv provide essentially simultaneous 
operation against « number of pulsed radars. One form of this arrangement is 
iIiustrated in Figure 
15-8. The operation Is 
as follows: The lead- 
ing edge of a received 
pulse is detected and 
amplified by a wide- 
band video amplifier 
and is used to initiace 
the sweep on « voltage- 
tunable oscillator. The 
ovtout of this oscilla- 
tor Is applied as a local 
osciilator signal to a2 
mixer which has the 
recelved signa! applied 
to its input. The local 
oscillator sweeps rap- 
id!v over the operating frequency range of the equipment until the diference- 
frequency output of the mixer io within the bandpass of the connected I-f 
amplifier. The {-f output signal is then used to stop the voltage-tunable 
local oscillator and the frequency-deter:alning voitage is clamped at this value 
for a predetermined period of perhaps several tens of microseconds. When 
sweep-stopping occurs, a second high-powered voltage-tunable oscillator is 





Frovar 15-8 Elements of Search-Lock-Jam Transponder 


*See Reference 4, 





18-10 ELECTRONIC COUNTERMEASURES 


gated on, operating as the transmitter during the “stop” period. The trans- 
mitted frequency is arranged to approxirate closely the received signal 
frequency through appropriate modification of the applied stopped-sweep 
voltage to compensate for the |-f offset and any differences in vuliage- 
frequency characteristics of the two oscillators. 

The signal acquisition process just described must be completed duzing e 
single pulse from the radar. Since the radar pulse may last one microsecond 
or jess, large bandwidths, small delay times, and very fast sweep rates are 
mandatory. Techniques of this sort were not feasible until the advent of 
electronically tunable oscillators and are now successful only when careful 
attention is given to circult design. To the extent that tranamission of the 
required deceptive signals can be accomplished within a few tens of micro- 
seconds following a given received pulse, an equipment of this type can 
be effective against several (possibly 10 or more) radars waich are “looking” 
at the target simu!teneousiy. This multiple-signal capability results from the 
low duty factor (typically 0.001) employed by pulsed radars, and the randorn 
times at which pulses from & number of unsynchronized zadars will arrive. 


15.5.6 Low-Frequency Amplificatien® 

The principal method for obtaining an appreciable output power for broad- 
band operation beiow approximately 400 megacycles per second employs a 
number of beam tetrodes in a distributed amplifier configuration. For ex- 
ample, six 4X25UB tubes (250 watt dissipation tetrodes) will provide a c-w 
vutput power of i00 watts and a power gain of 10 dacibels over the 10 to 
300 megacycle per second range. Low duty-cycle pulse operation of such an 
arrangement will yleld peak output powers In excess of a kilowatt. A second 
method of obtaining relatively high output powers in this portion of the 
spectrum employs a nunber of narrow-band amplifiers each of which covers 
a small portion of the total frequency band. Inputa and outputs of the several 
stages are paralleled by means of frequency-selective networks. This arrange- 
ment has more complicated circults than a distributed amplifier, but has the 
advantage that several signals at different frequencies may be handled simul- 
taneously with leas trouble from small-signal suppression. 

Low-level gain is obtained In this frequency range either with distributed 
or cascaded amplifiers. Distributed amplifiers are simple and tend to be 
quite reliable since the failure of a tube or two In a muititube stage will 
result only in a nominal decrease In gain. Amplifiers composed of a number 
of cascuded stages will generally require complex interstage networks to 
reajize a nultably flat over-all gain characteristic, but will usually use a con- 


*See References i and 2. 
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siderably smaller number of tubes to obtain a given gein and bandwidth, 
The choice between the two approaches can be made only by considering all 
factors of « specific application. 


15.8.7 High-Frequency Amplification 

Ali wideband repeaters above 400 cr 500 megacycles currently depend 
upon TWTs both for low-level gain and output power, It appears likely that 
development of negative grid tubes specifically sulted to distributed amplli- 
fiers will extend the upper frequency limit of this technique to 1000 megua- 
cycles within the next few years, but coverage of the remainder of tho micro- 
wave spectrum fa likely to depend entirely on TWTs, for the foreseeable 
future. A large number of different TWT types are now available, with much 
progress belng mute in providing Increased rugszedness, longer life, ighter 
weight, higher puwer outputs, und lower noise figures. 

A typical low Jevel tubo covers an octave in frequency anywhere between 
the limits of [U0 end 12,000 megacycles, provides 30 aecibels of gain over 
ita band, and has a saturation (maximum) power output of several tens of 
milliwatts, Tubes with these characteristics are available with permanent 
magne: focusing, weith less than 5 pounds, and require only about 10 watts 
total powe: inpuc. Similar tubes are available which provide an output of 
about one watt sad requlre about 50 watts total Input power. 

In the higher pow” ranges, bandwidths of 1.5 to 1 are typical. Powers of 
100 to 200 watts c-w car be abtelned from solenold-focused tubes exhibiting 
20 decibela of ynin, Puised powers 'n excess of 1 kw at 30 decibels of gain 
are common for solenold focused tubes, and some tubes of these capabilities 
have been tnade with permanent magnet focusing. 


15.3.6 Electronteal!y ‘Tusable Devices 

A number of developments in recent yvars have led to the capability for 
rapid electronic tuning. For the jower frequencies, the principal tec! is a 
variable inductor which Is tuned by changing the amount of direct current 
pacaed through a control wiruing. Devices of this type may be employed as 
the tu. ‘ng elements of amplifier and oscillator circuits. Operation is practical 
up to several hundred megacycles, and bandwidths of an octave m’’ be 
realized. High-power models can be em vloyed to obtain about 100 w. of 
output power. Vultage-tunable capacitors are available and offer promise for 
use in piace of (or in conjunction with) curvent-tunable inductors. An im- 
portant inherent advantage of the tunable capacitor Is its lower “inertia,” 
resulting In higher tuning rates for a given tuning power, 

In the microwave region, the most Important electronically tunable device 
is the backward-wave oscillator (BWQ), This member of the TWT family 
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is avallabla in a wide variety cf tuning ranges anc power outputs. Bandwidths 
are typically i.$ or 2 to 1, and tubes are avalluble covering all principal radar 
bands. Tubes for operation at frequencies in excess of 80 kmc have also been 
built. Continuous output powers of several hundred watts are obtainable at 
frequencies below X-band; low-ievel tubes sultable for local oscillator service 
are available to provide continuous coverage to about 40 kmc. Both solenvid 
and permanent magnet focualng are used at ali power levels, with current 
developments favoring the lighter and move efficient permanent magnet 
structures, 

A promising offshoot of the BWO is the backward-wave ampliner (BWA). 
These devices have the same electronic tunahiilty and other generai charac- 
terivtica us the BWO, but function as amplifiers to provide upwards of $0 
decibels gain at the tuned frequency. Passbands for a given tuning voltage 
are typically a few tenths of a percent up to one or two percent of the tuned 
frequency, depending on the adjustment of the beam current. 

Probably the most Impressive feature of backward-wave tubes from the 
countermeasures point of view is the extremely rapid tuning rates which may 
be employed. At S-band, for example, typical tubes will oscillate continuously 
while being swent at rates as high as 10,000 megacycles per eecond per 
second, The search-lock-jam arrangement depicted In Figure 15-8 requires 
tuning rates of the order of 20 percent of this isaximum capability. 


15.4 Deception Techniques 

In this section, a number of deception techniques will te discussed with 
emphasis upon how a desired effect may be accomplished with a given r-f 
system arrangement, Although it is not practical to consider al! of the pos- 
sible combinations of r-f systems and deception techniques in detall, it Is 
belleved that the examples used nere will allow the reader to assemble for 
himself other arrangements from the “building blocks” provided. 


15.4.1 False Target Generation 

The roost important deception technique against search and ground-con- 
trolled intercept (GCI) radars conaists of the the generation of a number of 
fulse targets. This technique has two objectives: (1) The enemy will be 
unuble to ascertain which of the targets ha sees are real, end hence will have 
difficulty in taking (he approj late action, (2) He will belleve that a massive 
attack is being made from a given quarter and will commit his retaliatory 
powers to counter this attack, while the real striking force is approaching 
slightly later from a different direction. 

A multiplicity of false targets which will appear at constant range but over 
a large azimuth sector can be obtalned with a straight-through repeater. To pre- 
vent the identification of the real target by comparing echo amplitude, some sort 
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of automatic gain controi (agc) is required in the repeater. One arrange- 
ment le Indicated fa Figure 15-9. The 
detector and the agc amplifier are de- 
signed to cause the repeater output to 
vary inversely with the strength of the 
recelved signal on a pulse-by-pulse 
basis so that little or no output is ob- 
tained when the main beam of the 
radar “looks” at the target, whereas 
maximum output power is radiated 
when the filunuastion by the radar is 
at a low level. Since a prohibitively 
large cynamic range would be required in the repeater to prevent at ‘east some 
azimuthal variation in the false target amplitude, which would be symmetrical 
about the true target position, an edditional aubterfuge is desirable. One 
approgch is to introduce a random gain modulation or gating in the repeater 
to destroy the symmetry of the radar display, This {s typicaliy a “slow” 
modulation which changes the output signal amplitude appreciably over a time 
corresponding to several hundred radur pulse periods. A second superimpused 
mouulation is desirable to increase the realism of the false targets. This is 
again a random modulation, which changes the output signal on a pulse-to- 
pulse basis to sirmulste the normal target scintillation, In a wideband micro- 
wave false-target repeater, all three of the ‘modulations’ discussed above 
might be combined and applied to the control grid of the output TWT. 

The false targets produced by the system just described can be satisfac- 
torily “real” in all respects but one: they all appear at the same range from 
the radar. As such, the radar may be unable to select the true target for 
retaliation, but It fs oxtremely unlikely that the radaz’s pcaltion Is the focal 
point of a precise radial attack. To edd the missing dimension of variable 
range to the false target picture, some sort of ‘frequency memory” must be 
incorporated. The single-frequency transponder of Figure 15-7 possesses this 
memory In the form of the fixed tuning of the receiver and transmitter and 
can be used saiisiactorily agalnst a single, fixed-frequency radar. The search- 
lock-jam configuration In Figure 15-8 can accomplish the same result agalnat 
a number of fixed- or variable-frequency radars. ‘To “show” the sadar a 
number of radially uligned targets, a fixed gating program would be provided 
giving the desired target spacing. The three modulations discussed in connec- 
tion with the false-target repeater can be added to the search-lock-jam trans- 
ponder to create a wide variety of effects. The gating program can be altered 
on a random basis or as a function of the signal power recelved from the 
radar to produce clusters of targets at various ranges and azimuths. 





Fiounz 35-9 False-Target Repeater 
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15.4.2 Range Gate Pull-Off® 

A ceception which has been found to be quite effective against puise track- 
ing radars Involves “stealing” the timing gate which during normal operation 
of the radar is accurately centered at the target echo range. Ths video signal 
whicn supplies age to the radar recelver and controls the angle-tracking func- 
tions is taken through this gete, so thut a deception which causes this gate 
to lose the target will disrupt the tracking function. A repeater with fre- 
quency memory or a search-lock-jam transponder arrangement may be used 
to perform range gate stealing, (Frequency memories employing several 
hundred feet of delay cable and a TWT to operate as a multimode memory 
have been used successfully in microwave gate-stealing repeaters. This type 
of memory /s discussed more fully in Chapter 24). The program of a range 
gate pull-off cycle js as follows: Initially, the countermeasures equipment 
repeats the pulses received from the radar with minimum delay. Ii the decep- 
tion js to be successful, this minimum delay must usually be small in com- 
parison to the radar pulse length, and the peak output power must provide 
a reradiated power density in excess of that due to the true target echo. 
Typically, J/S ratios of 1¢ decibels or more are sought. With the above con- 
ditions fulfilled, the countermeasure has “captured” the gate and the reply 
is slowly delayed with respect to the received signal (and hence the true 
target echo) until a total delay of 2 to 10 microseconds {s achieved. Typical 
pull-off rates are of the order of 1 miccosecond per second. With the raage 
gate pulled off the target, the delay ia snapped back to a minimum value. 
Since the radar range gute is unable to fctlow the fost recycling, it /s left at 
the range corresponding to the maximum null-of, where no target echo is 
present, so that range tracking is lost. If the radar has a range search 
function, it may reacquire elther the target or the false pull-off signal on its 
next cycle. If the pull-off operation is continually repeated (at a constant 
rate or preferably with some randomness of rate and period). the radar will 
operate for only a small portion of the time with true target Information, 
and the tracking accuracy will be seriously degraded. If the radar is manned 
and has provision for manual override of the automatic range tracking opera- 
tion, a skilled operator may be able to increase substantially the percentage 
of time that the radar operates on true target data. His job Is much more 
difficult and fatiguing lf random programming of the pull-off is emploved. 

Tre circult arrangement of a typical range gate pull-off repeater is shown 
in ¥igure 15-10. In the absence of an Input signal, the r-f switch in the 
TWT/delay cable loop is open and the Input tube functions as a straight 
amplifier. When a signal is recelved, it is detected and causes the pregram 


*See Reference 4. 
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unit to close the memory loop and simultaneously pulae on the output TWT 
with a self-generated pulse which is ap- 
proximately the same length us that em- 
ployed by the radars to be countered. As 
successive pulses are received, the mem- 
ory locp is repeatedly closed, each time 
for a period equal to the maximum delay 
which wili be used In the pull-off cycle. 
| Meanwhile, the on-pulses applied to the 
output tube are progressively delayed in 
time until the maximum offset {s reached. 
4,i the conclusion of a cycle of operation, 
the pulses applied to the output tube re- 
vert to the minimum delay time and the program is repeated. Randomness 
of the pull-off operation, if employed, is controlled by the program unit. 





Fiours i3-id Range Gate Pull- 
Off Repeater 


15.4.8 Scen-Rate Modulation ° 

A second deception which may be used against tracking radars employing 
conicel-scan angle tracking utilizes modulation of the repeater or transponder 
Output at or near the conical-scan frequency employed by the radar. A par- 
ticular form of this technique, which has proved to be very effective, uses 
square-wave (on-off) gating of the output stage of a repeater at a variable 
frequency which Includes the scan frequency of the radar being countered. 
As this modulation approaches the radaz scan frequency, Increasingly large 
error signals appear in the radar servo loops, causing rapid random gyration 
of the antenna system. Frequently, the transients thua introduced are suffi- 
cient to caure the radar to lose the target completely. Since the scan channel 
passbands of radars of this type are quite narrow (typicaiiy 1 to 4 cycles), 
the modulation In the countermeasure must be swept zlowly if a maximum 
effect is to he realized. Against typical ground-based equipments, sweep rates 
of the order of 1 or 2 cycles per zecond per second give optimum results. 
The low sweep rates which must de used In this technique point up its prin- 
cipal weakness: a considerable amount of time {s required to cover the 
range of scan rates likely to be employed by the enemy, #9 that disruptive 
effects will be introduced in any one equipment at relatively infrequent 
intervals. The effectiveness of this technique (particularly when combined 
with range-gate pull-off as discussed later) Is so great, however, that even its 
infrequent appiicction may be udequate to render the radar useless. 


*See Reference 4, 
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15.4.4 inverse-Galn Modulation’ 

As an alternative to the noncoherent scan-rate modulation, as discussed 
above, the modulation envelope of the tracking signal may be detected, in- 
verted, and applied to the countermeasures system to present an inverted 
error signal to the radar. This approach depends upon the fact that all con- 
ical-ascan systems operate only by virtue of angular error signals derived from 
the target echo, and hence there will always be some conical-scan modulation 
of the pulses received at the target. To be most effective, a deceptive repeater 
of this type is gated on only during the minimum 180 degree segments of the 
received modulation envelope. Rather nigh J/S (20-30 db) are required to 
introduce anguiar errors at the radar in excess of a beamwidth. The power 
output required from the jammer is quite modest, however, since the large 
wain necessary to realize an adequate J/S ratio Is “active” only during mini- 
mums of the recelved pulse train. The virtue of the inverse modulation 
scheme as compared to swept scan-rate modulation is that it works continu- 
ously at the scan rate of the applied signal and can be made (o operate 
effectively against a wide range of conical-scan modulation frequencies, A 
principal disadvantage of this technique is the difficulty encountered In 
devising a syatern that can work effectively against a number of radars simul- 
taneously. Arrangements capable of simultaneous operation with good effi- 
clency against two or three radars have been built, but beyond this, the 
complexity appears to outweigh the results obtainable. 


15.4.5 Combined Range-Angle Deceptiont 

Tire effectiveness of the angle modulation schemes just discussed may be 
increased (in some situations by a large factor) by first pulling the range 
wate away from the target echo and then applying the angle deception. The 
advantage of this procedure is that the deceptive angle modulation, wher 
applied, is not in competiticn with the target echo signal which yields true 
angle error information, This combination technique is particularly desirable 
for Increasing the disruption of the radar function when inverse gain is 
employed since this type of angle deception Is churacteristically less violent 
in its effect on the radar when target competition is present, with much less 
tendency to break track. 


15.4.5 Velocity-Gate Pull-Offg 
Active radar systems of the cow doppler type may be countered by steal- 
ing the velocity gate of the locked-on system. This is analogous to range: 


*See References 5, 6, and 7. 
+See Reference 4. 
tSee Reference 6. 


RADAR ECM REPEATERS AND TRANSPONDERS 15-17 


gate stealing in pulsed (time) systems. Here gating is in frequency, so that 
a freyiicicy shift of the output signal with respect to the received signal is 
required to accomplish the same sovt of effect. The frequency shift operation 
is accomplished in microwave repeaters through “serrodyne” (sawtooth) 
modulation of the cirect voltage applied to a TW tube helix. This technique,” 
which is discussed in Chapter 24, provides an output signal which is dis- 
placed from the input signal by the frequency of the applicd sawtooth, The 
displacement will be upward with respect to the input signal if the sawtooth 
voltage ix positive (the sloping portion of the waveform Increasing with 
time). Conversely, a negative-going sawtooth will result in a downward 
displacement of the output frequency. 

By changing the frequency of the sawtooth modulation on a programmed 
basis, a velucity-gate pull-off may be accompilshed. Since gate widihs in 
radar systems of this type are quite narrow, it is necessary to Initiate the 
program with an offset no greater than a few hundred cycles, Assuming an 
adequate J/S ratio (perhaps 10 db), the velocity gate may be stolen by 
increasing the sawtooth frequency at a rate commensurate with the velocity 
tracking rate capability of the system being countered. When maximum 
desired offset has been achleved (values of 5 to 50 kcs ure typical), the saw- 
tooth may be “snapped back” to the minimum value and the cycle repeated. 
When working against certain types of equipments, it may be desirable to 
hold the offset at a maxitaum value for a short time while additional modu- 
lation such as AM noise is applied. Total pull-off periods of the order of | 
to 10 seconds are typical for operation against most c-w systema in use at 
present. It is quite often advantageous to use a down-frequency pull-off in 
preference to an up-frequency one. This preference results from the fact 
that some c-w homing missiles utlilze a drop in doppler te arm or detonate 
the warhead. 

At VHF and UHF frequencies, a circul! arrangement of the sort depicted 
in Figure 15-4 can be utilized to produce frequency offset of the output 
aignal, A variation of the amount of delay in the {-f section can De used to 
change the amount of offset. Convenient techniques for rapid delay variation 
ure not available, and the alternative approach of changing the oscillator 
sweep rite is more practical. A serlous difficulty with all techniques involv- 
ing sweeping is the reduction In un-frequency power due to the low effective 
duty cycle, Another technique which has been proposed for the generation 
of frequency-shifted signals at the lower radio frequencies and which apperrs 
suitable for broadband operation is as follows: ‘The signal te be shifted Is 
appiled to a phase-shift network which has four outputs with, respectively, 0°, 


*See Reference &, 
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90°, 180°, and 270° shift to its input. Each of these outputs feeds a separate 
gated amplifier, the outputs of the gated amplifiers belng connected in paral- 
lel, A four-output gate generater would be provided to gate on the amplifiers 


sequentially to produce the effect of a rotating phase of the output signal. 


The sampling rate would determine the amounc of offset, whereas the ‘‘direc- 
tion” of the sampling weuld establish the up cr down direction of the shift. 
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Fuze and Communications R: vc aters 


B. F. BARTON 


16.1 Introduction 

Considerable effort has been made !n the United States to develop repeater 
jammers for use against radio doppler proximity fuzes. Devices with some of 
the attributes of a repeates have also been constructed for use against com- 
munication links. In spite of thelr common frequency range (below 500 
megacycles), typical devices for the two applications have substantia) dis- 
similarity, The dissimilarity results from different design objectives in the 
two instances. Fuze repeaters have been built which simply provide, for cer- 
tain fuzes, a successful imitation at the fuze of the normal return signal, On 
the other hand, the effectiveness of the communication jamming devices often 
depends on confusion or masking. 

In comparison with other fuze countermeasures equipments, repeaters have 
a high potential utility against broad classes of radio doppler types. The 
merit of the simple repeater* as a communications jammer {s not clear. In 
fuct, one finds that the merit of repeater-Hke communication jammers usually 
depends strongly on thelr varlations from the simple repeater, The emphasis 
on fuse repeaters In the following discussion reflects this appraisal. 


16.2 Radio Doppler Proximity Fuze Principles 
A discussion of the use of repeaters against radio proximity doppler fuzes 


*By slmple repeater ia meant a device which can provide a continuous amplified re- 
flection of a received signal, or a device such as a short-delay repeater which appears to 
do this In operation against certain targeta. 
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is conveniently introduced with a brief discussion of the single-channel radio 
doppler fuze. A multitude of signais may be radiated by such a fuze; these 
signals produce a voltage at some reference point of the fuze which {s often 
easily described in the form 


¢, = A(t) cos [wot + o(#)], (16-1) 


where wy ds the radian carrier frequency. Examples of single-channel fuzes 
which have been studied in the U.S. include: 


i, CW fuse [A(¢) constant; ¢(¢) constant] 

2. FM fuse {A(t) constant; for sinusoidal modulation waveform @(f) = 
Aw sin (wat + du) | 

3. PD (pulse doppier) fuse [A(é) a pulse waveform; In the ideallred case 
¢(¢) is constant within each pulse, and there {s essentially no correla- 
tlon of r-f phase of successive pulses | 

4, Noise fuse | A(t) and @(¢) are stochastic variables | 


It Is useful to regard the doppler fuze as a practical correlator. Recall! the 
definition of the cross-correlation Yyy(At) of the functions ¢,(#) and /(#); 


; T 
win(At) = Im -soe J oe (ty s(t — dvi) at 
Tide, at ee 


Sinularly, the autocorrelation dy; (At) of e,(¢) Is defined aa 


r 
Wis (At) tim p [even — At) ds 


The latter is suggestive of the normal operation of a fuze radiating a signal 
e,(¢), in that the product of ¢,(¢) and a delayed return signal proportional to 
e(t@~At) is obtained and then fed through a narrow-band filter in doppler 
fuzes (this process is approximately equivalent (o Integrating and averaging). 
Fuze operation differs from true autocorrelation, however, in that Af is 
actually varied slowly, so that only a Hmited time is spent in any increment 
of delay. This is true of practical correlators in general since an Infinite inte- 
Krat.on ime is impractical Cross-correlation is, in a similar way, suggestive 
of the fuze processing when an externally generated signal produces a voltage 
f(t) at the reference point. 

it is informative to coosider the generation of a triggering signal in a 
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doppler fuze in some detail. The return signal ¢,(¢) for a fuze radiating a sig- 
nal given by Eq (16-1) is assumed to be wel! represented by the expression* 


e,(t) = kw (t— Ab) == kyA(t— At) cos Lug(t— Af) 4. o(t—- At) ks (16-2) 


Making the further assumption of uniform relative motion between the fuze 
and the reflector (ie, Af = Ato — (wy/an)t, Where wa is the doppler fre- 
quency and Afoisacons*s ; Eq (16-2) becomes 


e,.(¢) = Aya t € i =) - At |co 4(« + vs) — woAto 


rfe(- 3) a] 


Here, the parameter 4) has been incorporated in the new parameter k,, 


which also characterizes the multiplier gain. 
In normal operation, a triggering signal is filtered frora the output of a 
multiplier circuit, which forms the product e-(#) ¢,(¢): The product ¢,-(¢) 


e,(#) can be written in the form 
RA(EYA | $ ( = *) — Ati |eo { Zou 4 gd ~~ woldty + (¢) 
0 
| u J 1 tied 
+o[#(1- t\— At |} + I gana | e(1- Z)- 4 | 
* COS \ tngd = wod ty + +| t (: 7 “) oo Ato | ot 
where & incorporates A, end a filter gain comnts), The former of these addi- 


tive terms is at approximately double the ca.cler frequency for a narrow- 
barid assumption; that is, for 








ny QQ ay 
A(t) <M for all ¢ 
oat) < ean A for all? 
| . al loony for wll ¢ 





where M is a constant and « <<. I. The signal represented by this term is 


*The time variation of the amplitude of the return signal due to time variation of path 
factor in to be described by the factor ky. 
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normally filtered (averaged) out; the triggering signal is In fact selected, 
with filters and amplifiers, from the multiplier output 


ertt) e,(t) = - | RA(L)A | Y (; ea “«) Pan Ato 
Z wy 


cos {ow ~wlte + | € = =) ean \- g(t) (16-3) 
Bandpass amplifiers passing a frequency band around the doppler frequency 
wy are employed in CW, PD, and nolse fuzes. Near we the energy density !n 
the spectrum of ¢,(2) ¢;(2) is high for these fuzes. 

The spectrum of ¢,(#) ¢(¢) may have several maxima of energy density 
for other possible radiated signals, such as that of the FM fuze, In the 


specific case of the FM-by-sine wave fuze, ¢,(¢) ¢,(¢) contains (ideally) 
discrete components at than 4: wy (nm = 0,1, 2,... ), where ois the (radian) 
modulation frequency. An FM fuze in which the amplifier passes the com- 
ponents At Mom -- we &Nd Mum — og is termed a J, fuze. A number of pos- 
sible triggering signals, each of which has its pecullar time variation of ampli- 
tude, are available by choice of n. 


The term of ¢,(#) ¢,(¢) giving rise to the spectral concentration near w is 
easily obtained for idealizations of the radiated signals listed at the beginning 
of this section, Specifically, Eq (16-3) may be written in the form 


¢,(t) ¢,(t) — H(t t (1 = a J Aba | 


co 
dshg} 
© cod {aut — onLvty + a(t) cos (cat + 8,)) 
where 


| ¢ (: >) — Aly | — o(t) == a(t) cos (uxt + A) 


9%) 


Now, tor the usual fuze reclations, it is found that the time variation (if any) 
of a(t) Is very slow, so that a(¢) may be regarded as essentially constant for 
a few periods at the frequency wu. If the time variation (4) is also sufficiently 


slow, It is observed that ¢,(¢) ¢,(£) Js essentially an FM signal with carrier 
frequency wy and sidebands separated by some frequency ox. ‘These com- 
ponents are then regarded as varying slowly in amplitude with AA(A) ACE — 
{\to), and perhaps with a slow variation of the modulation index a(t). To a 
good approximation in the usual case, then, the resultant spectrum contains 
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lines at wg + Mw, which vary very slowly in amplitude as &4(?)4(¢ — Alo) 
J, {a(é\]. The true doppler term of this function !s the carrler component, 
the amplitude of which Is taken as 4q(Aé) and which varies with &-f(t) 
A(t—Ats) Jo fa(t)]. The variation with time of the amplitude of the 
several components is thus dependent on 1. In the specific case of the FM- 
by-sinusuld fuze radiation, It is readily shown that Eq (16-3) has the form 


2Aw 


W) om 


wm tom Aby _ wr wmL\ to 
sin € a — 2 =) cos tomb (1 duo ) : 3 \\ 


In this case, A(¢) is a constant, c, and 


a(t) = ee ain ( er 7) 


(2 pry Zu 2 


w 
wy 22 Get | aa 
it} 


ay = on Oo 


e,(¢) e,(¢) as 3 kc® cos 1 wt — whey + 


The amplitudes of the doppler components 44{Aé) are given in Table 16-1 for 
several of the fuze types previously listed. These -4( A?) depict the idealized 


Tarte 16-1, Doppler Component Amplitudes 
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time variation of the amplitude of the doppler signal, apart from variations 
fur to path factor, antenna pattern, and scintillatlons of the reflector. The 
assumptions made in each case are also jisted.* The da(At) are sketched 
in Figure 16-1 for Ilkely fuze 

a Oil ae ene aeh parameters, The Ay are plotted 

| versus delay Af (which is Hnear 

with ¢ for our assumptions), a 
maximum of Ay occurring at A? 
= 0 for the examples given.t 
When Au(At) tends to remain 
ne dre amall for Aé larger than some 








mre 4.0) Ph ee fare 
valuc, the associated ¢,(2) is sald 
3 to give a range-_utoff character- 
- istic (eg., the PD and neise fuzes 
Fisun 16-1 Skeich of da (Ai) ane func.  ahove), 
tion of Af 


The preceding discussion dealt 
with the basic operation of single-channel doppler fuzes. Actual iases are 
very likely to have a number of vropertles which result from special tech- 
niques such as those Usted below. Such techniques can only be mentioned 
briefly here, and the mention should be regarded as suggestive of the 
variety of posslbilitles rather than as comprehensive (Reference 1). 


1) CVT (controlled variable-time) action 
2) Point-contact detonation capability 

3) Special amplifiers 

4) Multiple-channels 


The CVT firing is widely used in modern U.S. fuzes, ‘The fuze activation 
is delayed in euch a fuze by a mechanical timer for an interval after projec- 
tion which can be preset prior to use. The objective is to arm the fuze shortly 
before the anticipated burst time; the Interval of fuze activation is held to 
about two seconds in the case of artillery rounds. Such a mechanism not 
only provides protection against premature bursts at the launching site but 
also Hmits the time available for electronic countermeasures. Radio proximity 
fuzes for use against ground targets may also be expected to detonate on con- 
tact, such a characteristic providing CCM protection against dudding (as by 
saturation of the fuze amplifier). 

A second special technique involves the use of amplifiers having responses 
which are tailored to characteristics of the (doppler) triggeriag signal which 
can be anticipated in specific applications. For example, one may establish 


“The Aa contain an arbitrary galn constant &. 
TAa( At) ds proportional to the autocorrelation of the radiated signal. 
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the approximate rate at which the amplitude of the doppler signal Increases 
with time In an application such as a bomb drop. A nonlinear circuit can 
then be employed in the amplifier, which discriminates against signals having 
growth rates outside the expected range of values. The use of sn amplifier 
requiring such special properties of the triggering signal is intended primar- 
lly as a CCM feature, 

Two (or more) cf the single-channel! fuze circults such as those discussed 
above may be Incorporated inte a multiple-channel fuze. It is possible, by 
proper Interconnection of such channels, to reduce elther dudding due to 
component failure, or vulnerability to countermeasures, or both, 


16.3 Basic Considerations in Using Repeater Jammers Againat Fures 

The original objective in using repeaters agalnst proximity fuzes was to 
simulate a passive reflector proximate to the fuze with an active device 
located perhaps remote from the fuze. In Implementing this scheme, how- 
ever. a basic problem urises from the fact that substantlal gain may be 
required within the device to offset the large path factor loss resulting from 
the remoteness of the repeater from the fuze. A Jammer with useful gain 
which employed a single antenna for both reception and transmission would 
oscillate If operated continuously, The super-regenerative repeater, which will 
be discussed subsequenily, is just such a device. 

As alternat've solutions, one may have recourse to either a two-antenna 
system or a system which employs a memory device and time-shares between 
a receiving and a transmitting mode, Disadvantages of the two-antenna 
system Include the bulk of two broadband anternas in the fuze frequency 
range and the antenna Isolation problem, which proves particularly difficult 
over the wide frequency range for which operation is sought. The solution 
involving time-sharing has been widely employed in U.S. repeaters. 

It is shown in Reference 2 that the range ry at which a fuze will be pre- 
detonated by either a (matched) single antenna repeater or a repeater with 
two Identical closely spaced (matched) antennas can be expressed in the 
form 


ty 
ra AY My AG, [ | | LP) f) (8,8) fr (8) Eee 
Vo} 
Here 
iy “Michigan Height"  : the maximum height above an Infinitely 
conducting ground at which the fuze will function when oper. 
ating without laterference. 
Ay mean wavelengtn of zadiation 
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G, == gain of repeater antenna relative to isotropic radiator 

A <= repeater power gain 

D =< discrimination factor == (#,/E&,)* == the square of the ratio 
of the jamming field strength at the fuze necessary to detonate 
the fuze to the field strength of the normal return signal at the 
fuze necessary to cause cetonation 

{(f) == polarization factor between jammer and fuze antennas 

1;(0,6) == relative pattern factor for jammer antenna in the direction of 
the fuze [OSS/;! for any (6,¢) pair] 

f(0,6) == relative pattern factor for fuze antenna In the direction of the 


repeater, [OsS//sS | for any (9,6) pair| 

In Eq (16-4) it has been assumed that r, !s proportional to the effective re- 
peater antenna length L,, for which the substitutlon Z; = A,(R, G)/120n") * has 
been made. R; Is the real part of the serles antenna Impedance. Equation (16-4) 
indicates the function relaticnship of jammer range capability to the several 
parameters of the tactical situation, The parameters //y, A,;, and f, are fuze 
properties and are therefore Independent parameters in a specific jamming 
attempt, whereas G,, /;, and A are properties of the jr. wmer. D-factor, /(p), 
and the maximum Jamming range ry are mutually controlled factors of the 
a. poeeamalid . fuze and jammier reiationship, 
fia Equation (16-4) Is plotted fi 

Figure 16-2 for ff) fp = I. 
Now, let us consider a sample 
calculation In which a very favor- 
able jamming situation Is as- 


or ae he édimnibin : i. 
Fe 


# sumed; Le, f(p) f(Oid) {:(6.e) 
= 1, or allgned Jammer and fuze 
antennas, For 
G, = 1 
} D = 10 decibels 

A = 125 decibels 

Hy = 33.3 feet 

Ay = 6 feet 


one finds 


re = 4600 feet 





One way of increasing the maxl- 


190 1000 ha ioe 


fangs of bun tien ‘toon mum range of the jammer in the 
Fava 16-2 Gein-Range Curves, Two-Way  4bove example is by using a di- 
Problem rectional Jammer antenna. How- 
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Firourx 16-3 Illustration of a Jammez Pretectlon of 3 Ground Target Arca 


ever, the tactical value of the device may be reduced significantly by such a 
modification. This is illustrated in Figure 16-3, where a jammer ix portrayed 
protecting « ground target from artillery fire. The area protected by the jam- 
mer is related [na rather complicated way to a volume in space which is the 
Intersection of three volumes: 


1. The volume containing pussible shell trajectories, which {s a simple 
tube for localized gun emplacement and target. 

2. The volume between the locus of CVT activation of the fuze and the 
minimum safe height for fuze predetonation, which is exsentially a 
volume bounded by two planes for a simple tube of trajectories and a 
localized tarjet. 

3. The volume in which useful coupling is achieved between the jammer 
and fuze antennas. 


The objective of the above discussion was tu suggest that the area of pro- 
tection can become quite smail when substantial jammer antenna gain Is 
utilized.* Furthermore, since many factors of the tactical geometry cannot 
readily be controlled at the jammer, the iocus of this area is not ensily char- 
acterized in practice. Thus, a careful compromise between repeater antennae 
gain and range capability must be made to insure tactical utility. 


16.4 The Time-Shared Repeuler 
The basic time-shared single-antenna repeater is illustrated in Figure 16-4. 
The transmission and reception intervals of a practical ground-based singie- 
*Allowance muat also be made for the time Interval after CVT activation before a 


multichannel jammer undertakes Jamming of a specific fuze and for the thme needed to 
process a given fure. 
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antenna system are normaliy sep- 
arated by an Interval of inactivity 
n few microseconds iong. During 
Teanemitier this Inactive Interval, echoes from 
nearby objects which would 
otherwise saturate the repeater 
Input circult during reception are 
permitted to dle out. The duty factor of the equipment can be made to 
approach one-half by making the length of the repeater delay large compared 
to the length of this inactive Interval. Sonic (quartz) linea provide large, 
compact delays for this application; units with deays of as much as two 
milliseconds are available. Transducers have limited these quartz delays to 
bandwidths less than about £0 megacycles, and center frequencies to less 
than perhaps 80 megacycles per second. The wide frequency band of pos- 
sible fuze activity can be covered with such a delay line by using a super- 
heterodyne technique, In such a circuit, some portion of the total r-f fre- 
quency band is converted to an i-f band in an Input mixer, The input mixer 
ls followed by an I-f sectlon, which contains most of the repeater gain aa 
well as the delay unit. The output of the [-f section is then reconverted to 
the r-f band using a second (output) mixer, The frequency band covered 
instantaneously by the repeater can then be varled over the total r-f band 
of the equipment by appropriate local oscillator tuning. | 
A second basic problem of the time-shared single-antenna repeater is the 
transmit-recelver switch (TR) unit. One solution to this problem depends 
on the use of a distributed amplifier, (DA) as the repeater cutput amplifier, 


fe Be i : < 
owe! 
digistbuted 





Fiaver 16-4 Time-Shared Single-Antenna Re- 
peater 







Ficuer 16-8 lock Diagram of a Simple Time-Shared Superheterodyne Repester 


Figure '6-5 is a block diagram of a superheterodyne repeater in which the 
output DA is used as the TR unit. During reception, transmission cannot 
occur due to the presence ef a large negative bias at the control grids of the 
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power distributed amplifier.* Recelved signals travel in a reverse direction 
down the power DA plate line. Transmission {s permitted only when an ap- 
propriate gating signal is applied at the power DA grid line. During trans- 
mission, either the optional input amplifier o: the input mixer serves as a 
reverse termination for the power DA plaic line. The reverse termination 
power of a DA approaches the forward terminatlon (cor output) power at 
certain frequencies, so that substantial power absorption capability is neces- 
sary in the input circult of a high-powered device. 

Two basically different patterns of local osclilator frequency variation have 
been employed in fuze repeaters developed in the United States. The local 
oscillator has been swept continuously fn the case of the short-delay repeater 
(Reference 3) and stepped In the case of the long-delay repeater (Reference 
4). It will be recognized that when the local oscillator of a repeater is swept 
continuously, as in the short-delay repeater, there js a difference in the mean 
frequency of the rece!ved signal and the mean frequency of the subsequent 
transmission. Thus, there is what may be referred to as an “artificial doppler 
shift” of the transmitted signal, This phenomenon may actually be used to 
advantage since In many tactical situations there {s negligible (natura!) 
doppler shift of the signal returned by the repeater. For a device utilizing a 
2-microsecond delay line, one finds thit an artificlal doppler shift of 600 
cps results for a local oscillator sweep sate of 300 me per second per second. 
With an Instantaneous repeater bandwidth of 10 megacycles, repeating of a 
Signal at some given frequency then occurs for about 33 milliseconds, A re- 
quirement by the fuze of return signal persistence in excess of 33 milliseconds 
cannot be met, of course. without lowering the sweep rate of the equipment. 

It will be noted that, as the repeater delay is ir creased for the continugusly 
swept repeater discussed above, the sweep rate must be reduced proportion- 
ately in order to keep the artificial doppier shift constant, Thus, as repeater 
delay is increased, {1 becomes Increasingly difficult to cover the frequency 
bund in which fuze activity is Hkely within the CVT life of a fuze, On the 
other hand, the D-factor of the repeater against the CW fuze is nearly pro- 
portional to the square of the reciprocal of the transmission duty factor, for 
delays substantially less than a period at the doppler frequency and for a 
limited peak repeater output power, In actual practice, the duty factor of a 
2-microsecond repeater for use against artillery shells is small (perhaps one- 
aixth) since the time needed for echoes to die out is often as much as & 
microseconds. 

Each component of the fuze radiation produces at the time-shared repeater 


*Additional geting may be employed dn the transmitter sectlon of the repeater, as 
shown by the dashed lines of Figure 16-5. 
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output a signal having a discrete spectrum, the lines of which are separated 
by the fundamental frequency of the repeater gating waveform. The conse- 
quent signal impinging on the fuze is also offset by whatever natural doppler 
shift is present. In addition, in the case of the short-delay repeater, the 
impinging signal is offset by the artificia! doppler shift due to local oaciilator 
tuning. The fundamental frequency of the gating waveform is relatively 
high in the case of the short-delay repeater. As a result, in the case of the 
CW fuze, only the doppler-shifted carrier (natural plus artificial) of the 
spectrum radiated by the repeater is effective in generating in the fuze a 
beat signal [n the doppler frequency range. 

The long-delay repeater covers the tutal r-f band by stepping the local 
oscillator frequency and utilizes a delay time 7 of the order of one-half of 
the period of the highest doppler frequency generated in normal operation 
among the fuzes to be ccuntered.* During a jamming attempt againat the 
<'W iuze, the local oscillator frequency is maintained constant, producing 
a return signal carrier differing in frequency by the natural doppler shift 
resulting from the relative motion of the fuze and jammer. The first slde- 
bands of the signal returned to the fuze by the long-delay repeater again 
differ from the fuze frequency by either the sum or the difference of the 
fundamental frequency of the repeuter gating waveform and the natural 
doppler frequency, The novelty of the long-delay repeater Hes in the choice 
of a T (and hence in a choice of a fundamental frequency of the gating 
waveform) so low that the frequency separation of the sidebands of the 
return signal is in the doppler frequency region. Which return signal com- 
ponents produce beat frequency components lying within the fuze amplifier 
passband depends on the passband of the amplifier and the natural doppler 
shift occurring In a given jamraing atsempt.t 

One very reasonable long-delay repeater design depends on a choice of 7 
such as that mentioned In the previous paragraph, For such a choice it Js 
likely that either the carrier or one of the first sidebands of the return signal 
will produce a beat signal frequency within the fuze amplifier passband of 
those target fuzes having the highest doppler frequency in wormal operation, 
Lower beat frequencies (for fuzes having lower doppler frequencies in normal 


*Long-delay repeate? tuning has been accomplished by sequencing among a act of fixed 
frequency focal oscillators, The choice of repeater delay time 7° ln considered further in 
the next parkgraph, 

Tha beat frequency signal is generated, In a fuze employing an oscillating detector, 
due to the Jock-in phenomenon of oselilators. “Lock-in" refers to the synchronlation of 
an oscillator by an external algnal when the external algnal da of sufficient strength and 
is nufficdentls close to the undisturbed oscillator frequency, In the “oscillating detector”, 
a detection alunal (that ds, a beat frequency slanal when the normal return of 6 janwoing 
signal impinges on the fuze) ds generated by the noentinearlty of operation of the axcil- 
lator tube and can be obtained! from some coavenient port of the oscillator clreult, 
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operation) may be obtained simply by not transmitting In certain of the 
possible transmission periods. These techniques permit effective ‘amming for 
the wide range of natural doppler frequencies that might be encountered In 
tactical situations. 

In closing the discussion of superheterodyne fuze repeaters in particular, 
it is worthwhile to cornment that there {s a practical advantage In selecting 
mutually exclusive frequency bands for the r-f, i-f, and local oscillator sec- 
tlons of an equipment. Problems associated with stray leaknye are minimized 
in this way: for example, one reduces the danger that leakage from the local 
oscillator section may saturate elther {-f or r-f amplifiers. However, the loci 
of beth the r-f and |-f bands are constrained to some degree, The r-f band is 
determined by the equipment application, whereas the i-f band Is restricted 
by the iimitations of delay lines. This problem may be solved best by using 

a double-conversiun technique. Fig- 


\/ 
sai | re 16-6 shows a posslble choice of 


frequency bands for the various 


Sure sections of a repeater covering the 
60 to 300-megacycle band and Il- 
“ lustrates the frequency separation 
principle. 
Ea a ot 16.5 The Superregenerzative 
mice Repeater 
ala The superregenerative repeater 
ee om (Reference 5) {is a superregenera- 
tlve recelver in which the regenera- 


tive Joop (Le, the oscillator) is 


| me | meso | ate coupled bilateraiiy to the antenna. 


The heart of the superregenerative 


receiver is an oscilletor in which 

Ea oscillations are allowed to build up 

a repetitively. Intermediate to these 

Ficuak 16-6 Block Diagram of a Repeater xrowth perlods, the uscillator Is 

emery Dp abe S eorernne loaded heavily (quenched) In or- 

der to dissipate rapidly the r-f energy stored in the oscillator circuit. 

In the absence of an impinging signal, the r-f pulses (oscillations) build up 

from circult nolse. When a signal aiguificantly above the noise is present 

during pulse initiation, however, the oscillations grow essentlally from the 

signal. ‘Thus «4 small signal which is present at the time of pulse InitlaGion 
influences both the phase and frequency of the pulse. 

In the case of the superregencrative receiver the pulses are quenched 

before the oscillator loop can saturate, for impinging signals in some range 
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of ampiitudes.* The pesks of a successlon of pulses tend w follow the AM 
audio waveform of the incoming signal since the final amplitude of the pulses 
in closely related to the magnitude of the impinging signal at pulse initia- 
tion. Thus, the envelope of the recelver pulses is un approximate reproduc: 
thon of slow AM on an impinging signal within the dynamic range of the 
cireult, 

The pulses generated in the regenerative loop of the superregenerative 
repeater are radiated as a result of the bilateral coupling between the loop 
und the anteana, There is a maximum usable growth period (pulse length) 
for the superregenerative repeater which results from the existence of radar 
echoes, and varles from site te site. This Waitatlon arises from the fuet that 
the repeater saturates rapidly when the return energy becomes exceasive, 
the saturation time depends on the terrain characteristics of a given site, The 
pulse length which may be employed also devends on the prf being employed 
and the average power limitation of the equipment. 

The amplification 4 of a superregenerative repeater (and receiver) in 
which complete quenching Is achieved between pulses, for very narrow-band 
signals at levels smaller than that which produces saturatlos, ‘s a function 
of the frequency of the applied signal.t This gain dependence Is portrayed 

In Figure 16-78, and 








ioe a | on» | may be contrasted, as 
nf x shown In Figure 16-7b, 
WA with the gain depend- 
» ence when quenching Is 
ie) Complete quanc Ping (hb! Imomplete quenbing 


incomplete. When the 
Ficuex 16-7) Galn Versus Frequency Characteriailes of bindwidth of the re- 


§ rege ' 
ne ee Taree? celved signal is slgnifi- 


cant compared to the width of these gain curves, there may be considerable 
Ufference between the spectra of the recelved and transmitted signals, In 
this situation, the spectrum of the signal transmitted by the repeater de- 
pends in a relatively complicated way on the exact character of the re- 
ceived signal during the perlods of pulse initiation. 

Two problems discussed in connection with the time-shared repeater are 
again encountered with the superregenerative repeater. Successful super: 
regenerative repeater operation against the CW fuze depends on the existence 
of a doppler shift of the transmitted signal, unless the envelope of its trans- 
mitted signal generates an audio waveform at the fuze. Tt is Jmpractical to 
maintain an artificial doppler shift (audio) with such a device, so that jam- 

*Chearly, the saturation jevel is related to the dynamic range of such a receiver, 


tAmplification refers in this case to the ratio of the magnitude of the Input signal to 
the magnitude of the peak pulse amplitude. 
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ming effectiveness may depend on relative motion of the jammer and fuze. 
In addition, the Instantaneous bandwidths of known superregenerutive re- 
peaters ure very small compared to the band of possible fuze activity. Useful! 
sweep rates are restricted by the signal persistence requirements which are 
likely in modern fuzes. As a result, the r-f band which can be covered effec- 
tively with such a jammer s narrow. 


16.6 Design Philesophies for General Purpr+e Repeaters for Use 
Agalnet Radio Doppler Fuses 

The preceding discussion of repeaters has be... confined tu their use 
against CW fuzes, Repeaters are well-suited to this use, and both the time- 
shared single-antenna repeater and the superregenecative repeater have 
operated successfully against specific CW fuzes, Conclusions as to the utility 
of repeaters against doppler fuzes in general are much more difficult. In par- 
tleular, there are a variety of relatively simple fuzes, the Idealizations of 
which have range-cutoff characteristics, The D-factor Is large for repeaters 
located remotely from fuzes having good range-cutuff characteristics. On the 
other hand, one expects such range-cutoff characteristics te be continuous. 
Thus there is a possibility that, for some ranges greater than the design burst 
helght, a short-delay repeater signal may have a reasonable D-factor against 
many doppler fuzes, This suggests that a small short-delay equipment with 
an omnidirecticnal antenna might provide reasonably efficient local protec- 
tion against proximity-fuzed shells, The merit of such an equipment depends 
in part on whether there {s sufficient advantage, In a specific application, to 
predetonation at a range of a few tlries the normal burst height. 

Alternatively, a ‘ammer design may be predicated on specific expocte J 
properties of the enemy fuzes. For example, large repeaters (which m.> 
have substantial jamming range to justify themselves) are constructes’ 4 
the assumption that fuzes with restricted range-cutoff capability will be 
encountered, Such design assumptions may be justified in certain instances. 
Th particular, a specific property may be characteristic of fuzes for a specific 
application as a result of volume Imitation, economic factors, or the state-of- 
the-art. However, it is very difficult to successfully predicate the design of 
equipments with broad utility on fuze properties resulting from specific cir- 
cult techniques. 


16.7 The Use of Repeater Jammers Agalast Conventional Voice 
Communieatton Links 

The merit of the simple repeater as a jammer against conventional voice 

links has not been proven. The use of a simple repeater to effect a reduction 

of the fleld strength at a target receiver is generally impractical, even though 
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this can be done in principle Neither can use be made of the fact that a 
repeater wiih proper gain and a delay of sufficient length would act as a 
comb filter to sideband components cf the communication signal. The diffi- 
culty here Is that such filtering may well not greatly reduce message intel- 
ligibility. There is even a danger that In using a repeater for communication 
jamming, the repeater will actually augment the direct transmission. Finally, 
the periods of transmitter Inactivity for the time-shared repeater result in 
periods during which the communicution link is not jammed.* 

A multitude of volce communication jammers can be envistoned having 
some of the properties of a repeater, but having potential merit as a result 
of basic variations from the simple times-shared repeater. Consider, for 





Fiournn 16-8 Examples of Repeater-tke Jammers 


example, the systems block-diagrammed in Figure 16-8. Figure 16-8a is an 
idealization of the simple time-shared repeater. In the system of Figure 16- 
8b, a number of simple repeaters are cperated In parallel. A “babble of 
voices" Jamming signal can be reradiated by using various values of delays 
(of the order of seconds or longer) in the several channels. In practice, such 
uw jamming signal would usually be generated with a system analogous to 
Figure 16-8c. Ja this system, samples of the modulation signal are obtalned 
and stored In a tape memory. In the meantime, the carrier of the received 
signal is obtained; a narrow-band filter js employed for this purpose in the 
Nustration. A jamming signal is then obtained by modulating the extracted 


*The duty factor for reception of some equipments discussed below may, however, be 
rather amall, 
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carrier signal simultaneously with several of the stored modulation samples. 

The system of Figure 16-8d permits modulation of the extracted carrier 
with waveforms having any desired dependence on the properties of the te- 
celved siqnal. Figure 16-8d is in essence a spout jammer and therefore differs 
greatly from a simple repeater. On the other hand, the systems of Figures 
16-8b and 16-8d may be essentially equivalent; fur example, equivalent 
babble of voices jamming might be generated with the two circuits. 

The systems of Figures 16-3c and 16-8d have a weakness inherent to spot 
Jammers in that they must be tuned to the channel which Is to be jammed. 
Figure 16-8e is a broadband counterpart of Figure 16-8d, but has the great 
disadvantage that the sidebands of the recelved signal are present in the 
retransmitted signal. One is again confronted with the danger that com- 
munication may actually be Improved by the repeater. The effectiveness of 
such a jamming equipment is therefore critically dependent om the masking 
properties of the modulation introduced at the Jammer. 

Volce communication jammers analogous to the systems of Figures 16-8c, 
d, and e have been constructed and evaluation studies are continuing (Refer- 
ences 6, 7, 8, and 9). Conclusions as te the relative effectiveness of the 
various schemes are particularly complicated when multiple-purpose eaulp- 
ment, such as a jammer Intended for use against both AM and FM com- 
munications, ure under study. 


16.8 The Use of Repeaters Against Coded Radio Transmission Links 


16.6.1 Introduction 

It is convenient to classify coded radio transmission links as asynchronous 
although the delineation is not clear-cut. Examples of links which are re- 
garded here as asynchronous Include those which are hand-keyed, and 
common teletype. In the lutter case, start and stop pulses are transmitted 
with each character, & character consisting of some small fixed number of 
pulses for a given coding. These start and stop pulses may actually be used 
to obtain synchronization within the Individual characters, but such links are 
regarded as asynchronous In this delineation. By contrast, synchronism |s 
nuintained for periods of the order of days in other (synchronous) Hnks. 

Asynchronous coded radio links often employ frequency-shift keying. In 
uny event, the information bandwidth of asynchronous transmissions {s 
often small, the bandwidth of the spectrum of the transmitted signal is often 
comparable to the information bandwidth, and there are essentially a set of 
characteristic frequencies of transmission, For example, there are two char- 
acteristic frequencies in the case of a Simplex teletype channel, As would 
be expected, efficient jammers of asynchronuus links such as those mentioned 
abeve radiate spectra concentrated near these characteristic frequencies. 
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In the case of common teletype, one type of error which can be produced 
by jarmming and known as “hit” results from (nterference with the character- 
by-character synchronization (that is, by inducing errors in the time of 
character read-cuts). An error in one or more characters inay be generated 
in this way each time character synchronization Is broken, It has been 
found that a major reduction in transmission efficiency can be obtained 
reliably, in the case of # Simplex channel, if a jamming to signal J/S ratio 
greater than about six decibels can be achieved at the receiver input. Such 
jamming can be accomplished with « variety of devices, which have output 
spectra concentrated near the charac‘teriatic frequencies of the target. link, 
including repeater-like devices similar to those discussed in connection with 
voice communication jamming, 

Equipment of special design can be employed for coded communications 
over distances short enough so that a slngle reliable path exists, Hits can be 
xreatly recluced in this way ata fixed J/S ratlo. For example, prediction cir- 
cults can be utilized to improve the probability of synchronizing on the 
proper pulse, In general, one finds that ax the degree of synchronism of the 
target link is increased, the jamming problem car. be made Increasingly 
difficult. 

Synchronization of a transmission Hnk permits Increased reliability of 
transmission in the presence of jamming (anti-jamming (A-]) advaniage), 
or Increased message security, or hiding, or some combination of the above, 
as compared with asynchronous links. These improved Hnk properties can 
be obtained by transmitting a signal, some property of which is pseuda 
random. By this is meant that this property of the transmitted signal ts 
being varied in a pattern related to the level variations of a (binary) pulse 
sequence, Short sampies of these pulse sequences, which are often generated 
with a shift-register, look much like a random telegraph signal. However, 
these pulse trains are in fact perlodie (commonly having periods of the order 
of days) and can readily be reproduced at a receiver for use in decoding 
provided the necessary interconnections of a shift-register generator have 
been made known (Reference 10). Correlation techniques or higher special- 
ized demodulation schemes are employed in decoding at the receiver of such 
a dink (Reference [1). In general, the decoding ts strongly dependent on 
synchronization and on an exact knowledge of the pulse sequence employed 
in encoding at the transmitter. The requirement of brevity permits a dis- 
cussion of only the following example of the many possible coding schemes 
which can be employed. 

One encoding scheme (Reference 12) depends on the generation of a pair 
of binary sequences ato a transmitter, One bit of information can be 
transmitted in some time interval through exercising a choice as to which of 
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the two pulse sequences is employed in constructing a signal for transmission 
in this time Interval. The chosen pulse sequence might be passed through a 
narrow band filter, augmented with noise, and the resulting waveform used 
as a modulation signal during the transmission Interval. At the receiver, a 
decision as to which of the two possible pulse trains was employed in gener- 
ating the modulation waveform Ix made after determining the correlation 
between the recelved signal and algnals generated In a similar manner ut 
the recelver with each of the pulse sequences. 
The eutacorrelation functlon of the sequences discussed above can be 
mate to approximate the sketch of 
panes otros reese mot Pole pq Hlgure 16-9, The width of the 
eee cuanto apikes of the autocorrclation fune- 
tion can be made smaller by sim- 
A heen © © = 0 aS ply decreasing the pulsewidth, 
which produces an Increase in the 


Ficurr 16-9 idealized Autocorreiation Funt: pandwidth of the spectrum. ‘The 
tlon of Binary Pulse Sequence 









A-J advantage of «& synchronous 
link employing pseudorandom encoding depends on the use of a correlation 
type recelver and on the use of a large number of pulses for each trana- 
mitted bit. The use of a large number of pulses having a pseudorandom 
relation for each transmitted bit produces a transmission spectrum which 
is very wide for a given rate of information transfer, and simultancously 
makes it difficult for a jammer to achieve the requisite correlation between 
the Jamming signal and the tranamifted signal, An Increase In message 
xecurity, on the other haad, Is more fundamentaliy related to the obtuse 
relation between the message and {ts encoded form (Le, the encoding) 
rather than on the bandwidth of transmission, Hiding of a transmission is 
enhanced by obtaining a nolse-Ilke encoding, a broad transmission spectrum, 
and transmission at the loweat practical power level. 


16.8.2 Jamming Schemes Depending on Multipath Distortion 

Difficulties are encountered in operating either asynchronous or synchron- 
ous links over distances such that a single rellable path does not exist. 
fonospheric transmission often occurs simultaneously over paths having a 
variety of lengths, and the propagation of the individual paths is often 
sporadic Certain basic techniques which have been used to improve trans- 
mission with asynchronous Jinks are referred to as space, frequency, aid 
time diversity (Reference 13). These techniques are mentioned below, Cer- 
tain Jamming possibilities arising fron the use of these techniques are also 
discussed, Attention is given specifically to the difficulty of multipath dis- 
tortion in synchronous links and certain related Jamming possibilities, 
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Space diversity is a technique fur combating nwitipath distortion in wh'ch 
a number of receivers are disposed at various ranges from the transmitter, 
Space diversity is suggested by the fact that little correlation is observed 
umong the fading of the signals obtained at several receivers, provided they 
are sufficiently separated. In frequency diversity, on the other hand, trans- 
mission occurs at a multiplicity of frequencies. Again, the merit depends on 
an essential independence of fading properties for widely separated fre- 
quencies. Fianily, tlme diversity systems depend on obtaining received sig- 
nals which ave distributed In time. 

Systems employing any of the above techniques, or combinations of them, 
provide a number of signal samples from which one wishes to make a reliable 
estimate of the transmitted signal. The processes of detection, weighting, «nd 
combining are used in forming an output signai, These processes occur {in 
various orders in extant systems, and a number of weighting schemes have 
been emploved. For example, one may simply choose the signal sample hav- 
ing the highest average »ower and ignore the remainder. Uniform weighting 
of all sirnal samples has also been considered, as well as weighting according 
to the average povrer of the signal samples. Each of these various weighting 
schemes has advantages in certain applications. 

The potential of a repeater-like Jjanimer against asynchronous communica- 
tlon Hnks employing diversity techniques is dependent on the weighting 
scheme used. When the welghting depends on recelved signal pow. — ‘t may 
be possible to build up the value of the weighting function for one signal 
with strong transmissions from a repeater. Repeater transmissions would 
then be interrupted and noise Jamming could ensue for the persistence perlod 
of the weighting circuits. Such a jammer would have no special merit against 
a link employing fixed weightings of the several received signais. 

Space diversity is often an impractical technique for solving the problem 
of multipath distortion in synchronous pseudorandom links. This arises 
from the fact that the spikes of the autocorrelation function in such a link 
are usually very narrow, As a result, all the paths of effective recelved signal 
components must be very nearly of the same length. Typically, only a few 
such paths will exist. This Is to be centrasted with Hnks utiilzing more 
efficient coding. These Hinks may have a farger number oi effective paths as 
a consequence of their wider autocorrelation spikes. One would expect the 
transmission properties to become independent more rapidly, as the sites are 
separated, when they are derived from a iarge number of paths of widely 
distributed length than when they are derived from a few paths of nearly 
the same length. Two specific schemes for combating multipath distortion 
Which have been used in pseudorandom links and which are essentially time 
diversity techniques, are mentioned below. 
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One scheme (r-tracking) (Reference 12) for reducing multipath distcr- 
tion In pseudorandom links Involves the use of three correlators at a re- 
celver. Two of these correlators are operated at delays differing by approxi- 
mately the widih of the autocorrelation spike of the transmitted signal. A 
variable delay is adjusted continuously to hold an error signal, made up of 
the difference of the two correlator outputs, near zeru. The output is taken 
from a third correlator operating at a delay value intermediate to the delays 
of the correlators in the control circuit. The time constant of the correlator 
delay control circult is such as to permit the receiver to track the typical 
slow variation of effective path length of the link, L.e., tracking in delay +. 

It has been proposed that a repeater-Iike equipment in a favorable tactical 
situation could lower the transmission efficiency of a link employing r-track- 
ing by ‘“‘range-stealing and dumping.” In this scheme, a repeater Induces some 
delay setting at the correlator with strong transmissions, The correlator is 
then “dumped” at this delay by interruption of repeater transmissions. The 
jammer may even transmit noise intermediate to repeating. In order for this 
scheme to be successful, the delay of the repeater transmission path miuat 
fall within the range of delay times in which normal link operation {s per- 
mitted. The repeater must therefore be located more or less between the 
transmitter und repeater, the precise requirements depending on the vari- 
abllity of the receiver correlator delay. Such a jammer site may not be ob- 
tainable. 

RAKE (Reference 14) is a scheme for combating multipath distortion 
in which a delay line with a large number of fixed taps Is employed at the 
receiver, Demodulation correlators are employed at each tap. Tne receiver 
output Is made up from the weighted outputs of the several correlators. The 
correlator outputs are weighted according to thelr average output powers 
aver some relatively long pericd. Repeater-llke devices appear to be one of 
the most promising jammer types for use against RAKE. The weighting dis- 
tribstion on the outputs cf the correlators can in principle be modified by 
relaforcing transmission strongly with a favorably disposed repeater. The 
recelver chennels which are “opened up" in this way are then subjected to 
noise jamming for some time interval. Again, the availability of e favorable 
Jamnier site is critical, 


16.9 Some General Remarka Concerring Jammer Look-Through 
Capability 
jammers with provisions for monitoring while Jamming (look-through 
capability) have been sought widely. Information obtained using look- 
through may permit an increase in jammer effectiveness by: 
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1) increasing the Jamming duty factor 

2) Improving set-on accuracy 

3) confining jamming to periods of target activity 

4) adjusting jamming signal parameters continuously with variation of 
target parameters. 


The 100 percent duty factor ({wo-antenna, repeater, which has not been 
successfully employed for fuze or communications countermeasures, {fs an 
exuinple of a Jammer with look-through capability, 

Construction of a communications faminer with look-through capability, 
referred to as CMJS (continuous monitor jamming system), was completed 
by the Electronic Defense Group of The University of Michigan in 1957 
(Reference 13). This equipment radiates a continuous EM jamming signal. 
Leakage from the transmitting antenna to the receiving antenna is utilized 
as a local oscillater signal at the look-through receiver of this equipment. A 
target signal is Indicated when an output {fs obtained from a special low- 
pass {-f section in the recelver, Both AM and FM modulations on the target 
signal may also be reconstructed (read-through capability), using a cor- 
related sampling of the output of the recelver {-f section. 

Monitoring of target signals can also be accomplished by time-sharing 
between reception and transmission, Examjylea of such equipment include 
time-shared repeaters and the EDL “Hunt and Lock-On System”, (Ref- 
erence 16), which has proven effective agalast simple CW fuzes. The Hunt 
and Lock-on System operates in a search mode until a target signal {s selected. 
It then operates as a spat Jammer for some predetermined Interval '"y 
radiating an internally generated carrier which Is aquare-wave modulated 
at un audio rate. Set-cn ix malatained by monitoring of the target signal 
during the transmitter dead times. When the set-on accuracy is maintained 
satisfactorily (to within perhaps 5 ke for typical small CW fuzes), jam- 
ming effectiveness against a single fuze is comparable to that of the long- 
delay repeater, The Hunt and Lock-On System has a very narrow instan- 
taneous bandwidth and usually processes target fuses Individually, The time 
rate at which fuzes can be processed with this equipment is therefore [m- 
ited. By contrast, extant repeaters can handle large numbers of fuzes by 
power-sharing among them at a commensurately reduced range. Monitoring 
schemes which depend on time-sharing endanger jammer effectiveness 
when the length of the reception periods is comparable to the reciprocal 
of the bandwidth of the target equipments. 
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Programmed Automatic Jamming Systems 


K. H. BARNEY 


17.1 introduction 

Automatic operation of equipment becomes a necessity when lack of time 
does not permit a human to make a quick decision. Electronic-warfare 
equipment can be operated with momentary notice if programmed controls 
are used. The use of programming means that decisions have been made 
concerning how and when tne equipment should operate under expected con- 
ditions. Programmed systems may be simple or complex. For exampie, a 
simple programmed system might consist solely of a repenter designed to 
function against proximity fuzes of a specific type; In this case, a decision 
to exclude other fuses has been made before the repeater was designed and 
constructed. A complex system could be one such as the airborne programmed 
Jamming system discussed in this chapter. This example is given only to 
Indicate the types of problems encountered when designing such a systen, 

Specifically the typical types of processing and decision requirements 
necessary in an airborne programmed jamming system are discussed. The 
components which may be found in a Jammlug system, ¢.g., Jjammers, inter- 
cept receivers, antennas, are described In other chapters, Considerations in 
ithe use of these equipments and the role of alrborne Jamming in the protec- 
tion of aircraft are also discussed in other chapters, 


17.2 Processing and Declslon Requirements 


17.2.1 General 

This section explores the brain of the system—the programmer—and deals 
with the major characteristics of the “brain” and the types of equipment 
which may be used for this function, 
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It should always be remembered that the programmer is merely a means of 
cutumatically implementing the wishes of {ts designers and users; like all 
computers, it will never make decisions any more wisely or any more ac- 
curately than fs warranted by the accuracy of the information fed into It 
during or before ihe flight. ts chief advantege !s that it can assimilate large 
quantities of data und react to them far faster than a human operator, al- 
though its “Judgment” can never approach the Judgment of a human being. 
Another point that has been ralsed before is that the programmer does not 
have the same sense of responsibility for the safety of the aircraft as a 
human operator and cannot be trained through experience to do better, nor 
can it be courtmartialed when proved incompetent. 

Inputs to the programmer are derived from two sources: preflight Instruc- 
tlons read Into the programmer and Intercept information received during 
the mission Itself. The preflight instructions besically establiah waat the 
jummer should do when various combinations of Input signals are received. 
These instructions may be of the type that established the priority of fam- 
ming modes where the jamming equipment is capable of generating many 
different types of jamming signals. These priorities may be established as a 
function of geography, of wkether the aircraft Js in area-defense or local- 
defense regions, of whether the aircraft is alone or part of a mass raid, and 
of whether or not othe: electronic equipment incompatiblle with the jammer 
is in operation. In-flight information to the programmer may consist of all 
or part of the interceptor receiver data related to the various characteristics 
of the rece'ved radar signals or simply the receiver's evaluation of these 
signals and subsequent classification of them into radar types, such as early 
warning, GC1l, acquisition phase of tracking radar, tracking radar, and seek- 
ing missile. Other In-flight information may be related to the aircraft, such 
as aircraft location, altitude, and velocity. Since many degrees of compiexity 
are possible, the requirements fer the programmer must be carefuily related 
to the capabilities of the transmitter and the reaction time desirad. 


17.2.2 Elements of Programmer Conirol 

Typical elements of programmer control are shown In Figure 17-1, In- 
clusion of all or part of those functions in a specific pregrammed automatle 
jamming system is, of course, subject to a variety of cousiderations. However, 
in order to aid the equipment designer to establish his own design require- 
ments, the possibilities of each element of programmer control will be dis- 
cussed in some detai, An example has been chosen In which a number of 
jamming equipments, each covering a different frequency band and each 
capable of operating in several distinct modes, are to be controled in one or 
more aircraft installations. 
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Fiauar 17-1) Elements ci programmer contrel, 


17.2.3 Mode Seiecting 

The mode selector may be considered as a group of switches and switching 
elreuitry which activates the jamming transmitters as a result of data Iinter- 
cepted by the receiver. The manner in which the switching circuitry js set 
up and the numbers and types of combinations possivle are a function of 
the Instructions fed to it by the compatibility and geographic programmers, 
the preflight instructions, and the control panel (if used). Examples of types 
of input data fed to the mode selector irom the receivers are: 


(a) Frequency 
Coarse—-by band 
Fine-—-to the ultimate precision of the intercept receiver 
(6) Type of Radar Intercepted 
Search, track seeker missile, etc. 
Siznal from other jammer 
(c) Number of Signals by Band 
Density of radar signals 
(dd) Passing of Main Lobe of Raday 
(¢) Modulation of Radar Signal 
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Typical decisions made by the mode selector are: 

(2) Proper mode of operation, ¢.g., barrage noise, multispot noise, fuise- 
target deception. 

(b) Sequence in which modes are to be initiated. 

(c) Look-through cycle, if required, 

(d) Modulation to be applied to jamming signal. 

It is obvious that the capacity of the mode selector depends upon the fol- 

lowing: 

(a) Total number of Input signals and input signal levels measured. 

(5) Total number of Individual instructions. 

(c) Total number of Individual decisions to be made (control busses to 
be activated). 


Not so cbvious is the effect of saturation by the radar environment upon 
the receiver-programmer combination. Saturation of these elements may come 
about through the interception of a large number of radar signals at diferent 
frequencies in the jammer band or by the victim's use of a high power, high- 
duty factor radar, possibly as a decoy, to influence adversely the mode of 
operation of the Jammer. An example of this would ve the use of a high- 
power tracking radar in an urea-defense environment, In this case, the jam- 
mer might not respond properly to GCI radars if its look-through cycte and 
output power level were selected by the mode selector to favor the tracking 
type radar in response to signals recelved from the decoy radar(s). This 
situation may be avoided If there Is sufficlent capacity in the recelver-pro- 
grammer to recognize a large number of Individual signals siraultaneously 
received so that decislons may be made on the basis of all the Input signals 
rather than that of a single overriding signal, Saturation may also be avoided 
by lastructing the recelver to reject high-duty factor signals ot (if sufficient 
intelligence information was previously available) by instructing the recelver 
not to look at frequencies used by these radars. Saturotion of the transmitter 
may be avoided when pulsed countermeasures are employed by Vmlting the 
duty factor of the transmission to an acceptable, predetermined amount. 
Finaily, the effects of saturation may be reduced by programming a change 
of mode of Jamming to one that Is basically less saturable, for example, 
nolse burrage (wide or narrowband) Jamming. 

The mode selector may be required to assign the look-through period (/f 
une is employed) depending upon the probable radar type. The Implementa- 
tion of this signal wil! depend upon whether range or angle jamming is re- 
quired, or both, These considerations apply equally to search-type or track- 
type radars. When, for example, range Jamming of the main beam of a 
search radar is desired, a low duty factor jamming may be used if jamming 
can be Initiated Just prior to the passing of the main beam and stopped 
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shortly thereafter. In this case the system will be in a receive condition for a 
major portio.; of the time. Cn the other hand, the range jamming of a radar 
which {s constantly (Humineting the jammer alrcraft requires a high duty 
factor type jamming which {fs interrupted only rarely by receiver look- 
through periods. 

The preceding paragraphs treated exemples of the types of decisions that 
the mode selector of a programmed automatic jammer Is required to make. 
Hefore the design of the mode selector is Initiated, it is wise to prepare a 
table of inputs versss responses in order that the capacity required of the 
mode selector may be determined. This table should Indicate each Input 
signal, the precision, to which it is measured, and the resulting commands 
which can be programmed. 

The degree of possible mode selection flexibility is directty related to the 
capacity of the mode selector. There are various approaches to the design of 
the mode-selector equipment depending upon the flexibility of programming 
required. These are shown below. 


Type Response Time Flexibility of Programming 
Fixed-wirecd Short Nonflexible 
Variable-wired (plug Long Flexible 


in wired program punched 
card or tape) 

High-speed memory Short Flexible 
(magnetic drum or tape) 


The fixed-wired type is useful only when the automatic program need 
never be changed. in this case, the equipment is permanently wired ao that 
certain combinations of Input signals always produce the same jammer out- 
puts. This approach cannot be used where it is necessary to alter any pro- 
gramming requirements because of changing missions or changing tactics 
during # mission. It cannot be used In any but the simplest Jammers. 

The variable-wired type makes use of programming changes achieved by 
plug-in wirtny boards which can be changed on a preflight basis, If program 
changes are required during the flight, these instructlons can be stored on 
punched cards or punched tapes. This approach provides a great deal of 
operational flexibility and can be used when the number of separate deci- 
alons and levels of measurement of Input data {s fairly restricted. 

When extreme operational flexibility is required and when the number of 
jamming modes and levels of measurement of input data is large, the use of 
au high-speed large-capacity memory such as a magnetic drum and its as- 
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sociated circuitry is indicated. A magnetic-drum type memory using conven- 
tional digital-computer techniques can typically provide the capability for 
making several hundred separate output decisions based upon 100 to 500 
separate inputs in accordance with five separate programs for penalties on the 
order of 75 pounds, 3 cublc feet, and SO watts of primary power. 


17.2.4 Geographic Programming 

It is often desirable to be able to change many of the legic equations as 
R function of geography or to meet changing tactical situations during the 
mission of the jammer aircraft. Such changes can be made by a geographic 
program unit which receives positional data from the navigational system 
cf the alrcraft. Examples of tactical cones which may have differing jammer 
requirements are as follows: 

(a) Frlendly zone 

(6) Early warning zone 

(c) Area defense zone 

(d) Local defense zone 

Geographic prograniniing of the automatic jammer Js possible only If the 
approximate geographical positions of these zones can be predicted in 
advance, Also Important from a programming standpoint is the fact that the 
jamming requirements In each of zones 6, c, and d@ may differ because of the 
rald tactics, which affect cach aircraft's defense. These tactics iall into one 
of the following categories; (a) mutual support—-masa-rald tactics; (0) self 
protection—-single-alrcraft tactics. 

Some examples of geographic programming will illustrate the flexibility 
that it lends to the programmed automatic jamming system and the opera- 
tional needs that it fulfills. It 's assumed that the aircraft or unmanned 
vebicle is on a strategic bombing mission, 

The mode of operation of the jammer in the friendly zone a would prob- 
ably be the standby mode or at most the receive-only mode. Upon reaching 
the carly warning zone, the geographic programmer would enable the mode 
selector to select only the modes of operation that are effective against early 
warning radars and would permit Jamrmoing to be initlated only after a preset 
geowraphic check point had been passed, (For purposes of over-all raid co- 
ordination or synchronization, a preset Gime to Initlate jamming might be 
utilized In place of the passing of a preset geographic check point.) The 
types of Jamming used in the éarly warning phase mnight be aimed at de- 
ceiving the viction into expecting a large attacking force to arrive from one 
angle, whereas In reality it is planning to attack from another, This tactic 
might succeed in diverting the defending activity from the main striking 
force, Other modes of jaraming useful in this phase might be those which 
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prevent the enemy from correctly assessing the strength of the striking force. 
Noise iamming—barrage or multispot-—and multiple false-target deception 
would be useful modes for these types of jamming operation. In the case of 
nolse jamming the mutuai-support concept would Involve many aircraft 
utilizing nol.e-jamrming modes of operation simultaneously, In the case of 
multiple false-target deception the mutual protection for many aircraft 
could probably be generated satisfactorily by only cne jammer operating in 
this mode, The Jammers in the other nearby alrcrafi could remain silent et 
this time or operate In noise-jamming modes, thereby creating a combina- 
tion of multiple false-target deception and noise Jamming on the presenta- 
tlons of the enemy early warning radars. The possibility of complete jammer 
silence during the carly warning phase should not be overlooked in that It 
may be advantageous to try to slip through a weak point in the enemy catly 
warning net undetected, The use of any jJarnming by aircraft attempting this 
tactic would, of course, defeat the purpose of the maneuver. 

When the aircraft reach the area-defense zone, the modes of famming 
described above may still be effective In preventing the vectoring of enemy 
interceptors to the bomber's position and the assessnient of raid strength. 
In addition, it may be desirable to program the mode selector not to respond 
to tracking radar signals if the jamming of dearch-type radars were degraded 
by this action, The decision to program the jammer in this fashion would 
have to be made taking into account at least two factors: (a) whether or 
net the jammer was previding protection for other aircraft in thls zone, and 
(b) the effectiveness of the weapons in the urea-detense zone uuilzing track- 
ing-type radars versus the effectiveness of the weapons employing the search 
radars. 

On the other hand, in the local-defense zone the programming of the made 
selector may be such as to favor the Jamming of tracking radars to the com- 
plete exclusion of search-type radars, Modulated noise, Inverse modulating 
repeaters, and phase-front warping types of jamming might be most effectively 
programmed In this zone, 

Physically, the geographic programmer may consist ef a punched tape or 
punched-card-type memory unit, One section of tape or group of cards would 
be punched with the instructions for the mode selector applicable to a par- 
tleular geographic zone, Separate sections of tape or groups of cards woud 
contain the instructions applicable In the other geographic zones, Passage of 
wo preset geographic check point designated by small increments of latitude 
and longitude surrounding the nominal Jatitude and longitude of the check 
point would cause the appropriate section of the tape or groups of cards to 
instruct the mode selector in the modes of jamming permissible for that 
Keoxraphis: zone. These check points would be established prior to the mis- 
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ston based on the battle plan of the particular aircraft and would be read 
into the geographic programming unit on a preflight basis. 

A further use of geographic progremming je to minimize incompatible 
operation between the Jammers themselves or the jammers and other friendly 
electronic equipment. Several aspects of the compatibility problem ure dis- 
cussed in the following section, 


17.2.5 Interference and Electronic Compatiblilty 

Electronic compatibility problems arise whenever equipments that receive 
and transmit are used in proximity to each other. The recelve and transmit 
functions do not necessarily have to be automatic for a compatibility prob- 
lem to exist, The problem is aggravated when ali the equipments in ques- 
tlon receive as well as transmit. The problem is further accentuated when 
one of the equipments is designed to jam many of the equipments of the 
same type with which it is required to be compatibie. 

The compatibility problem Is broken down into the following categories: 


(2) jammer to own alrcraft equipment (ir‘ra-aircrait) 
(1) Other jamming equipment 
(2) Other electronic equipment 


(6) Jammer to other alrcraft equipment (Inter-alrcraft} 
(f) Jamming equipment 
(2) Other electronic equipment 
Interference between the electronic equipinent listed above can occur In 
a number of ways. These include response of the receivers (fundamental of 
spurious response) to the fundamental or spurious response of the transmit- 
ters, und responses of the receivers to the modulation products of several 
transmitter frequencies generated In the receiver's rf stages or mixer. 
There are no simple, all-purpose solutions to the compatibility problem. 
However, attucks on the problem can be made by the use of the following 
techniques separately or jn combination: 


(a) Isolation of antennas and equipment shielding. 

(6) Filtering of transmitter outputs and receiver inputs. 
(c) Use of compatible modes of equipment operation. 
(/) Time sharing of equipment operation, 


The first of these hems i< governed strictly by the installation of the 
equipment in the intra-aircraft case and by the spacing of the alreraft in the 
intereaircraft case, The second technique may be effectively used if the in- 
sertion dosses of the filters permit acceptable reductions of transmitter out- 
put power or receiver sensitivity, aad if the gaps in the Jammer spectra 
(receive or transmit) can be tolerated, The remaining techniques can be 
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employed through the proper programming of the system tu lessen many 
compatibility problems. 

It is obvious that answers to the compatibility problem musi be stated In 
terms of the actual equipments involved. However, a few examples of ap- 
proaches are given which may indicate a means to the solution of a partle- 
ular problem. The discussion fs confined to techniques c and d us applied to 
the jammer-to-other electronic compatibility problems since these involve 
the programming of the jamming system. 7 

Interestingiy encugh there may be some modes of jammer operation which 
are compatible with certain electronic equipment. If this is the case, the mode 
gelector can be arranged such that, whenever a particular nonjammer equip- 
ment must be used, the jammer Js programmed Into a compatible mode of 
operation, One example of this type of cperation involves the bombing and 
Siavigaetion redar. At least two frequently used modes of jammer operation 
are Hkely to be wholly or partially compatible with this radar. These ure 
pulsed track-breaking repeating deception and mutiple false-target decep- 
tion. These modes provide countermeasures effective against tracking radars 
and search radars, respectively. The repeater, such as that described in 
Chapter 1S, will have no effect upon the bombing and navigational type 
radar since the repeated pulse will occur during the reader main bang (intra- 
wircraft case) or in coincidence with the radar echo (inter-alreraft case). The 
only effect of the radar upon the repeater may be degradation in Its Inverse 
modulation capabilities if the repeater is capable of handling only a few 
radar signals at a time and a degradation In its tota! signal-handling cap- 
ability if the repeater transmitter is duty-factor Hmited. These luiter effects 
muy be entirely eliminated in the latra-aircraft case by sending a blanking 
pulse to the repeater that ts coincident with the radar malin bang. This ix a 
time-sharing technique that is discussed to a greater extent below. 

The effect of nuitiple false-target deception on the bombing and navigation 
radar iy to puta pattern of blips on its presentation which may probably be 
distinguished from land targets by the operator of the radar. This situation 
may be satisfactory in all but the worst cases since It is Hkely that the 
character of false target blips is entirely different from the ground-return 
patterns to be interpreted by the operator. This luterference could, ef course, 
be removed in the intra-alreraft: case by blanking the radar with jtulses 
coincident with the false-target deciption pulses transmitted, The effect of 
the radir upon the Jammer in this case is merely to use some of its output 
power capability. Uf this is intolerable, the Jammer may be blanked In the 
intra-alrcraft case by pulses coincident with the radar main bang. 

The preceding paragraphs give examples of compatible modes and also 
Indicate possible use of time sharing in the form of blanking pulses, Where 
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no compatible modes exist, time sharing can also be employed to effect 
compatibility to a certain degree. Consider the case of noise Jamming and the 
operation of the same bombing and navigation radar. Normally the noise 
jammer and the bombing and navigation radar would not be compatible in 
the Intra-aircraft case (assuming Insufficient isolation and/or filtering). How- 
ever, two types of time sharing could be employed to achieve compatibility. 
The first means would be to use the bombing and navigation radar Inter- 
mittently for short Intervals (perhaps during the noise jammer look-through 
periods) and to transmit nolse the rest of the time. It has been estimated 
that operation of a typical bombing and navigation radar ona '4,,4 duty-fac- 
tor basis may be satisfactory for most bombing runs, Thus, this type of 
operation may not excessively degrade elther the jammer or the radar 
effectivencas. 

Another time-sharing technique which might Increase the jumming effec- 
tiveness by increasing the jamming duty factor (above the ‘4, duty factor 
of the preceding example) fs to employ a wide range gate synchronized with 
the radar to blenk the nolse transmission. Thus the radar could “see” without 
any Interference over a narrow range increment whose range position with 
respect to the aircraft could be readily adjusted by the radar operator, Of 
course, this technique is effective only in the intra-aircraft case. 

Time-sharing compatibility in the inter-alrcraft case can be achieved by 
transmiiting synchronizing signals on an inter-aircraft communication link, 
by coding the basic transmissions by geographic programming, or by time- 
synchronizing the programs of the jamming systems. The latter technique 
would employ very accurately synchronized clocks in each aircraft. 


17.2.6 Self-Test Progron 

An additional feature of progratamed automatic systems that is desirable 
if the weight, volume, and primary power allocated fs sufficient is a means 
of seif-checking the programmer. Self-checking techniques should ‘e used 
only to increase the reliability of the jamming system. Whether or not they 
ure used will largely depend upon the complexity of the programmer and the 
number or jamming modes evailable. Two major types of self-cnecking are 
(i) component-test and (2) logic equation loep input and output check. The 
first involves periodically programming the mode selector (or the other com- 
ponents) with a test program to determine If all the components ere func- 
onal. The second involves a continuous check on the programmed jammer 
to determine if the jammer is actually functioning in the mode programmed. 
If it Is not, another jammer mode of operation is automatically selected. 
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Confusion Reflectors 


A. T. GOBLE 


18.) Introduction 

The use of devices to produce radar echoes other than those of the proper 
radar targets was proposed in the early days of the development of radar. 
Some of the carly history and some of the general principles of the use of 
such confusion reflectors have already been mentioned in previous chapters. 
Such reflection deviccs naturally find a wide variety of applications difficult 
to separate out into isolated chapters. Material to be presented in this caap- 
ter will be an essential part of the next iwo chapters; material to be given 
in them could have been included here but has been deferred to them. 

In the context of electronic countermeasures, the function of any reflecting 
device basically Is to introduce echoes which divert attention from the proper 
teevets of any radar. In doing this, a form of nolse ix Introduced Into the 
radar system, The seriousness or effectiveness of this noise is likely to depend 
upon many circumstances and is usually difficult to evaluate, If the proper 
turget is completely lasmersed in a field of many equivalent false targets, so 
that no identification is possible, the effectiveness Is complete. This is seldom 
the case because the echoes from the confusion reflectors are rarely equivalent 
to those from the proper targets, but in every case there will be some de- 
gradation of the radar system by the mere requirement that the extra echoes 
must be inspected and rejected. The effectiveness of the countermeasure 15 
clearly greater when the identification of the proper target from the false 
targets is made more difficult. Mere quantity of confusion reflectors will 
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often Increase this difficulty. Any other technique which improves the simula- 
tlon of the proper target increases the effectiveness of the noise. For example, 
confusion reflectors are Hkely to differ from most proper targets in their lack 
of motion, If equivalent mobility Is given to the refiector, it increases its ef- 
fectiveness, This is one way in which a “mere” confusion refiector can be 
turned into a decoy. Further discussions of such subtleties are postponed to 
Chapter 20, 

Customary thinking divides the uses of confusion reflectors Into (1) screen- 
ing against tracking radars and (2) confusion of survelliance systems. Al- 
though both applications have elements in common, they are relevant to 
different parts of the defense system. Confuslon reflectors cannot provide a 
screen that hides a target beyond it. They may hide a target fmmersed in a 
cloud of them and they may degrade the surveillance system by the clutter 
they produce. 

Nearly all applications of confusion reflectors are such that the efficiency 
of the reflector Is improved by decreasing the packaged size and weight for 
the same radar scattcring cross section. Three essentially different systems 
are used to obtaln jarge cross sectlons for small size and weight. These are: 

(a1) Resonant dipoles—Chaff 
(b.) Nonresonant streamers—Rope 
(c) Corners or other reflective geometries—Angels 

The code names following each are those generally used for the airborne 
versions. The more general term used during World War II was window: 
but the term céaff has now nearly replaced this in the language of the United 
States Armed Forces, Angels have found little application because of the 
difficulty in building units that are sufficiently rigid for dispensing from 
rapidly moving aircraft, They have application in decoys and target modifi- 
cation schemes, 

One of the fevorable features of confusion reflectors is that they may be 
designed to have wideband-frequency characteslatics, For example, a single 
package capable of imitating standard aircraft over a range of frequencies 
from $0 to 10,000 megacycles (and probably still higher) is now available. 
It may not be the most economical package to use, but ft Hlustrates the pos- 
sibiiities of wide frequency coverage. 

Another feature is their essential simplicity, In fact, the most difficult 
problem in thelr use by aircraft is providing a suitable dispensing systen 
wlong with the penalties Inyposed because of the additional weight to be car- 
ried. Although a solution has been found for noost alrcraft, a few aircraft 
systems seem to be quite difficult to adapt to suitable chaff dispensing. They 
may not have any space available. or the location of the space may not favor 
chaff dispensing. [t usually seems to be desirable to dispense Into a region 
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of high turbulence reasonably forward. A compartively simple and reliable 
mechanism is now avallable, and standard approved installations have been 
developed for most aircraft. Little servicing is required. The actual labor of 
loading the dispensers is not inconsiderubie, but still reasonable. 

Although the use of chaff has definite imitations and although a great deal 
vf effort has been put into chaff countercountermeasures, it seems likely that 
as long as pulsed radar systems play a significant route in general defense 
systems chaff will continue to be very useful. 


18.2 Theory of Response of Confusion Reflectors 

The return to a radar that results from the scattering of a radar signal by 
a target is most easily indicated by giving its back-scattering cross section o, 
defined by 


Power reflected back per steradian 
om 4e 5-1 et (18-1) 
Power Incident upon the target per unit area 
The power per unit area incident upon the target Is proportional to the radar 
power, and the gain of the radar antenna and is inversely proportional to the 
square of the range. The response of the radar receiver will be proportional 
to the power reflected bac per steradian to the antenna gain and receiver 
sensitivity and will also be inversely proportional to the square of the range, 
Ir will be seen that «» depends cnly upon the characteristics of the target, 
Another way of describing @ is that it is an area suca that, if all the energy 
falling on that area were reradiated isotropically, then the Intensity of the 
scattered radiation would be the same as that from the target. 

The calculations of the back-scattering cross section for dipoles and non- 
resonant streamers are somewhat similar and will be considered before the 
calculation for the reflective devices such as corners. All theoretical work in 
this field has been aimed at finding the best approximation to the solution 
of Maxwell's field equations for the situation appropriate to chaff or rope. 
Fhe {neident electric field is taken to be known, Then at attempt is made to 
determine whet currents in the conductor of the scattering elements are 
produced by this field. Once these currents are known, the fleld back at the 
antenna can be calculated. The real problem is to calculate tne currents in 
the conducter since the reradiated field must be considered as much a part 
of the field as the incident part. 


18.2.1 Chaff 
For the case of chaff, several theorles have been advanced by American 
authors, Undoubtedly other work has been dene, put the author does not 
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have access to any other calculations. In all of these, the scattering chaff is 
considered to consist of a cloud of wire-like dipoles, all of the same length. 
The following additional assumptions are also made: 

(a) The dipoles are separated so far that they do not Interact. 

(b) The dipoles are placed in a somewhat random spacing so that the 

phases from each dipole are random. 

(c) The orientation of the dipoles is specified (usually random). 

(d) The wires are perfect conductors. 

The first calculation of this sort was made by Chu (Reference 1). He as- 
sumed that the current was distributed along the wire in a sinusoidal way. 
This implies that resonance cccurs wher the Jength is an integral number of 
half-wavelengths. His results gave tho value «/a? == 0.15 for a half-wave 
dipole. This value is independent of the ratlo /./a, where 1 is the length and 
a is the radius of the dipole. The dimensionless quantity «/A# is tiie con- 
venient one to use along with another dimensionless quantity, L/A, which is 
the principal independent variable. 

A more realistic approximation Is the one used by Van Vieck, Bloch, and 
Hammermesh (Reference 2), In their treatment, the tangential component 
of the total electric field (incident plus scattered fleld) for a single dijicle 
is made zero, This leads to an Integral equation for the current distribution 
which is then solved by approximation methods. The values for the current 
distribution so calculated can then be used to determine the value cf v, The 
results are dependent on the orlentation of the dipole relative to the polariza- 
thon and propagation directions of the incident wave. The results are averaged 
for all orientations. The results also depend upon L/a. The numerical results 
have been obtained for a wide range of values of Z/A2 and of L/a, In the 
case of a flat strip (more approprivte te most chaff), one should replace a by 
1f’/4, where W is the width of the strip. 

Figure 18-1 Is a plot of some of these resulis, The full set of results is 
tubulated in a Standard Roiling Mills report (Reference 3). The following 
points should be noted: 

(a) The resonant length does not come directly at A/2, but instead at a 

slightly shorter length that varies with the length-to-width ratio, 
L/W. 

(b) Although «/A® increases with HW it does so rather slowly; so it is 
more effclent to use dipales as narrow as possible, provided one 
does not go to such extremes that the resistance Increases greatly. 
The bandwidth of the response also increases with MW. This ipcrease 
ix stall; so, bere too, ft $s better to use dipoles as nerrow as pos- 
sible and to obtain Increased bandwidth by using varying lengths. 
Figurc '8-1 does not indicate directly the behavior of chaff for a given 
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Fiavag 138-1, Normalized czoss scction—Van Vieck theory. 
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Fiovax 28-2, Dipole response versus frequency, 


18-5 


18-6 ELECTRONIC COUNTERMEASURES 
group of dipoles all of the same length as the frequency is changed. This is 
shown in Figure 18-2, where the theoretical echo versus frequency for a unit 
of dipoles all cf the same length is plotted. Zt will be noted that at higher 
harmonics there is still some response. There are even important contribu- 
tions in the nonresonant portions of the curve. 

Recently, a new method for computing scattering cross sections was cde- 
velaped by Schwinger and Levine (Reference 4). This variational method 
has been used for a number of special cases (Reference 5, 6, 7, 8, and 9), but 
there fy no indication that it will lead to any significant differences from the 
Van Vieck theory presented here. 


18.2.2 Rope 

The scattering cross secticn of nonresonant streamers, rope, depends very 
much upon the shape of the streamer as well as upon the wavelength of the 
radar, ‘The actual configuration of a dispensed streamer cannot be predicted. 
The only theory published so far (Reference 10) assumes that the full! 
streamer can be considered to consist of parts each of which is a helix with 
a large radius compared to a wavelength. The cross section according to this 
theory is 


ALA/2 
“ | = a 
4}. oS a 


(18-2) 
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Viere A depends upon the form of the streamer configuration, @ is the equiva- 
lent radius of the streamer (@ = W/4), A is the wavelength, and y = 1.781. 
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be section for three 750-foot rolls of 14-inch rope. 


sci There may also be a small effect when W = 4/2. 

Long dipoles are difficult to store and to 
disperse. Except at low frequencies, rope {s 
arr scmewhat Inefficient. ‘To bridge the gap, it has 
been proposed to consider tled dipoles, a co- 
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lincar array, called tuned rope. If the array 
is truly colinear so that coherent scattering 
occurs, the gain in cross section that is ob- 
tained in a narrow region perpendicular to the 
length jeads to a loss in other divectlons. The 


usefulness of this scheme thus depends on the array not being collinear, 
The interactlon between neighboring dipoles also tends to decrease the 
echo. This effect decreases the efficiency to such an extent that it is not 
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orofitable to use tuned rope for a single frequency since so much weight 
is required to separate the dipoles. However, if a bzoadband unit consisting 
of dipoles of various lengths {: being considered, it Is possible to separate 
dipoles tuned to the same frequency by using dipoles of other lengths. 
Only a small amount of the “Inert”? material need be used. This brings the 
efficiency to a point where tuned rope may become of use in the low 
intermediate range from about 100 to 600 megacycles (Reference 11). 


18.2.3 Corners 

The reflective properties of corners and similar devices turn cut to have 
little application In most ordinary situations calling for confusion reflectors. 
The reason for this is that the tolerances permitted In the constructlon of 
such devices are so small that Hight, dispensable units cannot be made. If the 
reflective properties are to be Important, the linear dimensions need to be 
many wavelengths long. Under such circumstances, diffraction effects are 
small compared to the geometrical effects. It can be shown® that the value of 
the cross section should be 


o = 49(A/A)* (18-3) 


The effective area A in this equation can be found by considering the incl- 
dent wavefront, projecting the corner on the wavefront, projecting the image 
wi the corner in itse!f on the wavefront, and taking the overlapping area, If 
the Intersection angies of the faces of the corner aiffer from 90° by an angle 
of a radians, the cross section will be down 3 decibels if a = 0.35A/A, where 
& |e the lanoth of one elds of the corner, Because of these rather stringent 





requirements no really =... factory dispensable corner has been designed. 


For this reason the theory wil: sot be presented in any greater detail. Other 
reflective devices present similar difficulties for use from aircraft. 


18.3 Electrical Character!stice 

The previous sectlon has summarized the theoretical approach to the de- 
termination of some of the electrical characteristics of chaff. All of these 
theories apply to Ideallzed cases only; the actua! aituation may be much 
more complicated, From the standpoint of the chaff package designer, there 
is little need to look at the electrical characteristics in detail. The user need 
only proceed under the assumption that each package will provide an ade- 
quate echo with any polarization {n the frequency region that Js appropriate. 


©The essence of the proof is the assumption that all energy falling on the area A ds 
reradiated toward the radar aa if by an antenna which has « gain appropriate to one 
with an aperture A. Also sce Reference i2, 
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He should also know what io expect with regard to its mechanical behavior 
(to be discussed in the next section). For the design of ef6cient chaff dipoles, 
the detalis of the electrical and mechanical behavior are the important fac- 
ines, 


18.3.1 Response vereuas Frequency 

At this time, there is no better theory available than the Van Vieck-Bloch- 
Hammermesh theory (generally called the Van Vieck theory) for dipoles aad 
the Bloch-Hammermesh-Philips theory for rope; all designs have been based 
on these theories, There are scme Indications that the theories underestimate 
the response of chaff, especially in the nonresonant regions, There have been 
no definitlve experiments, although particular chaff orientations have been 
studied on back-scatteriIng ranges; some laboratory work with small clouds 
of dipeies falling in a vertical shaft has also been conducted. Until better 
information is avaliable, the predictions of the Van Vle.k theory are Ikely 
to be used for design purposes. It bas been customary to perform fleld tests 
in which echoes from test units are compared with echoes from units of 
familiar design as well as with echoes from aircraft. Any effects (such as 
birdsnesting) that arise from the dispensing process are thus included, and 
a reasonably significant verification of the proper behavior of the unit Is 
made for several frequencies lying in the nominal range of the material, Long 
experience with such field tests has led to a rather high degree of confidence 
in the performance of regular units and in the designer's ability to predict 
the behavior of more or less conventional units. As newer materials come 
along, more extensive field tests are called for to establish the behavior of 
these miatertals, 

The principal problem of the chaff package designer then {s placing the 
proper namber of dipoles of the right lengths In each bundle. It has been 
customary to try to design for approximately uniform response throughout 
the nominal bandwidth of the bundle. ‘This can be done in a number of ways, 
such as by using a number of groups of dipoles, cach of a different and ap- 
propriate length and number, or by cutting the lengths so that there is an 
almost continuous varlation in length, a “dlagonal cut.” In practice, the first 
is most commonly used since dt ix easier ¢o manufacture, The second is used 
in a few zpecial cases, [tis not convenient to design a unit so that the cross 
section is really uniform with frequency. Phis ts not important since aircraft 
show a lurge variation in cross section and since most radars are not very 
sensitive to minor amplitude variations, Tt is customary to be content with a 
viiriation of about ¢ 3 decibels in power level from the noniinal value. Figure 
18-4 shows the behavior of a typical example, This figure has been based 
upon the Van Vleck theory and is thus subject to whatever limitations exist 
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Fioune 18-4, Response of typical although Netltous unit, 


In this theory. As has been pointed out before, there are sume reasons to 
believe that the nonresonant response is underestimated by the theory; so 
the irregularities may actually not be so great and the respense at the digher 
frequencies may also be underestimated. 

As long as the individual dipoles are separated by several wavelengths 
and are located at random so that the echoes from individual dipoles are 
noncoherent, one may safely consider the cross section at a given frequency 
proportional to the number ef dipoles. If the density of dipeles becomes such 
that they are closer together than this, the interaction between near nelgh- 
burs makes the usual theory inapplicable. In most cases, the effect of Inter- 
actions tends to decrease the value of o from that predicted by the theory 
that neglects Interactions, Since the number of dipoles needett to produce 
a given cross sectlon is roughiy proportional to the square of the frequency’ 
and the necessary spacing for negligible interaction is Inversely proportional 
to the frequency. it can be seen that the volume of thre cloud required to have 
negligible interaction is inversely proportional to the frequency, Thus the 
lincar dimensions are inversely proportional to the cube root of the fre- 
quency, The problem of too high a dipole density, thus, is more likely to arise 
at low frequencies, For example, at X-band, a volume of about 2400 cubic 
feet is required for a cross section of 600 square feet; at 300 megucycles, a 
volume of 72,000 cuble feet. The first is a sphere with a radius of 8 feet, the 
second needs a radius of 27 feet, 


18.3.2 Polarization Effects 
The Van Vleck theory is ordinarily used with the assumption that ‘he 
dipoles are randomly orlented in space, Tf this were in fact the case, the 
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polarization of the radar would have no effect on the size of the echo from 
a chaff cloud. But the aerodynamics of freely falling strips (with or without 
a V-bend, parallei to the length) does not lead to such a random orlentatior, 
in niany cases. The natural way for a dipole to fall is in a roughly horizontai 
position, The elevation angle of the radar also affects the xize of the observed 
echo through polarization effects. For an elevation of 90° (sighting directly 
overhead), no difference would be observed for horizontal dipoles except 
that there would be a larger than expected echo since there are fewer vertical 
ones, At low elevations, the response with horlzontal polarization will be 
much greater than for a radar with vertical polarization. Naturally, there ic 
a gradual transition between the two extremes. 

Attempts to make the orientation more nearly random have consisted in 
welyhting the end of some or all of the dipules. There seems to be no known 
theory for the situation; so what is known ts the result of experiment. It is 
likely that very careful loading of the ends could Jead to the equivalent of 
random orientation, but It may be easier to load some for a definite orienta- 
tion, leaving all the rest unloaded to fall in a horizontal position. Untor- 
tunately the more vertically orlented dipoles seem to fall faster than ‘he 
horizotutal ones; so there is a tendency for a separation Into two clouds fall- 
‘ng at different rates. 

T'wo other factors of importance are the turbulence of the alr and the 
distortion of the dipoles. Both turbulence and distortion tend to produce a 
random polarization. The first is Wkely to lead to rather uniform polariza- 
thon soon after dispensing. The second probably accounts for an apparent 
lsotrople behavior of the lenger lengths (approximately over 4 inches), 

Rope 's also polarization sensitive, aad Its behavior is clearly dependent 
upon the shape of the streamer as well as the polarization and elevation of 
the radar, Most ordinary circumstances lead to good echoes tor either polar- 
ization of the radar, 


18.3.3 Noise Spectruns 

The echo from a cloud of chaff is the resultant of the return from a large 
number of individual dipoles. S'nce the phases of these individual amplitudes 
are random and constantly changing, the echo shows a marked fluctuation, 
It is generally assumed that the fluctuations follow a Rayleigh distributlés, 
This means that the fraction of the time that the power Iles between ? and 
Poi dP is 


[(P) aP c= (FP a) exh (— F7Pu) a (18-4) 


The rapidity of variations fa not indicated by this law; so it must be con- 








sidered separately. It is possible that its spectrum might be used for discrim- 
ination. The fluctuation rate Is determined principally by two processes. The 
first of these has to do with the rate at which the chaff cloud spreads later- 
ally as a result of turbulence and frregularittes of its fall. The other has to 
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Ficurr 18-8, Frequency spectrums of echo fluctuations, 





Finuay 18-6, Normalization of Curve A from Figure 18-5. 


do with the rate of rotation of individual dipoles while falling, since this 
changes the amplitude from each individual dipole, The first changes the 
phase of each Individual amplitude and the second the magnitude of each 
amplitude, As one would expect, the fluctuations are irregular; so the Fourler 
analysis will give a very broad spectrum, Figure 18-5 shows such a spectrum 
based upon measurements made at the Radiation Laboratory during World 
War UH (Reference 13). Tt will be noticed that the actual spectrum js quite 
dependent upon the circumstances, Curve 4 refers to chatf dropped in still 
air froma blimp. Curves &, C, and 2 refer to increasingly turbulent condi- 
tions, with 2 for gusty air having velocities varying up to 25 mph, The 
maximum occurs ata frequency of zere, of course, and falls off in generaily 
the same way. For a given set of conditions, one would expect corresponding 
sigual densities at frequencies proportional to the radio frequency of the 
radar. It should then be possible fo normalize such a curve for all radio 
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frequencies, Figure 18-6 shows the normalization of curve a4 from Figure 
18-5. If fy is the frequency for which F(fu)/# (0) = Y%, ft can be seer that 


fo = fiy/375 or foA = BO cm eps (18-5) 


Here f,, is the radar’s radio frequency in megacycles. Under many conditio rs, 
fo Will be somewhat higher, as shown by curves 4, C, and J in Figure i8-S. 
These data are also confirmed by experiments pertormed by the Radlo Re- 
search Laboretory durlng World War LL, These measurements were made at 
51S megucycles (Reference 14), Since the fluctuations are due to the lateral 
motion of the dipoles to quite aa extent, one should expect the velocity of this 
lateral motion to be related to the Nuctuation frequencies. [t can be shown 
(Reference 13) that, if half the relative velocities He between —v and { 2, 
then 


VY = 0.2Af0 (18-6) 


The value of 16 centimeters per second == 44 feet per second is smaller than 
Is usuelly observed, but it was obtained for very still ale and should not be 
considered typleal. The figure at least has the right order of magnitude. 

Another way of looking at the same matter is to note that che return at 
any instant will be correlated to some extent with the return at a previous 
tine, When ¢ iy small, the correlation Is very good; when + Is large, the cor- 
relation is poor. The correlation will fall off rapidly about where rq = 1/fo. 

The echoes from aircraft: show a similar fluctuation, but they differ in 
several respects. The fluctuations are caused by the changing aircraft: agpect 
with respect to the radar, The change in aspect Js due to the alreraft's trans- 
lational motion and to pitch and yaw. In addition, vibrations of the structure 
contribute to the fluctuations, Phe latter effect Is much snialler for jet afr- 
craft than for propeller-driven aircraft. Well-known strong components exist 
In the noise spectrum of such slgnals at frequencles which are multiples of 
the propeller frequency, This is calied propeller modulation, and Js partly 
dut te the effect of the rotation of the propeller blades and partly to the 
vibrations from the motors, ‘The combined result is that the spectrum) of an 
eitcraft echo ds acarly a Rayleigh spectrum with fo somewhat smaller than 
for chaff, (ro somewhat longer), with certaln vibration peaks superimposed, 
Any of these features may help to distinguish an adreraft from chaff, but this 
may be quite difficult to accomplish (the echo from the direraft is immersed 
in the eche from many bundles of chaff in trail along the radar beam, Te ds 
this difficulty that may protect an aircraft from a tracking radar, 
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18.4 Mechanical Characteristics 

The mechanical characteristics of chaff have been quite difficult tc deter- 
nine, This is particularly true of the details of the behavior of Individua! 
dipoles; it also applies to some extent to the general meotlon of chaff clouds. 
Purt of the difficulty is that the behavior is dependent t3 a considerable ex- 
tenl upon the state of the alr in which the chaff Is falling. For example, very 
turbulent air leads to more uniform polarization than quiet alr; and measure- 
ments of the rate of fall are often confused by vertical alr currents (it is not 
uncommon to find chaff clouds rising ratuer than falling). 

At the present time, one can expect to provide a cross section of §0C 
square fect at one frequency for about 0.1 pound and 2 to 3 cubic Inches. To 
cover 3 octaves requires about 0.3 pound and 9 cubic Inches. These figures do 
not scale very well, but they give a rough idea of the volumes and weights 
required, There has been steady progress on this point, and one may expect 
even higher efficiencies in the future. 

The rate at which a unit disperses into a cloud Is particularly dependent 
upon the way the chaff is dispensed. In many cases it spreads almost instantly 
to e& size sufficient to produce a full echo. Under other circumstances it may 
require up to several seconds for full development of the echo, Rope must 
unroll to give # full echo, so It requires a noticeable time. Dispensing into a 
highly turbulent region contributes to the quick development of the echo, 
After the Initial dispensing operation, a free cloud of chaff tends to spread 
at arate of about 2 feet per second. Hf the chaff is ina region in which there 
are Velocity shears, the spread may be quite rapid. 

Laboratory studies (References 15, 16, and 17) and field tests show a 
wide variation for the rate of fall of chaff. Values as low as 120 + 50 feet 
per minute to aa high as 500 :+ 200 feet per minute have been observed at 
low altitudes, it secins clear that the higher velocities are associated with 
vertically polarized dipoies and the slower velocities with herlzonta! dipoles. 
This makes the clouds tend to separate into a horizontally polarized cloud 
above a more rapidly falling vertically polarized cloud. Perhaps a figure of 
200 to 300 feet per minute is a good value to use for an average figure at low 
altitudes, Since the viscous drag on an object Is given by 


Fy = jpv'Ced (18-7) 
and the terminal velocity corresponds to 
iy = weight (18-8) 


one can see that the rate of fall should vary inversely as the square root of 
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the density of the air. Thus at 40,000 feet, where the density is roughly one- 
fourth that a sea level, the rate of fal! should be twice as great. Presumably, 
the lateral spreading rate will also {ncrease with altitude. 

The over-all history of a typical unit of chaff can be summarized as fol- 
lows; 

(a) Upon being dispensed, the package opens almost Immediately and a 
chaff cloud develops. ‘The shape is very dependent upon the exact dispensing 
conditions, It may have a diameter of about 10 feet and a length of about 
SO feet. The echo at S-band and higher frequencies is nearly full size almost 
immediately; the echo seems to grow around that of the aircraft and separates 
from it asthe chaff is left behind, At L-band and lower frequencies, especially 
where rope is Involved, ft may require several seconds for the full echo to 
develop. 

(b) Fhe echo then continues to grow siigntly as the chaff cloud spreads 
out. The cloud may then gradually tend to separate Into the two clouds 
mentioned before, with the horizontally polarized chaff above the vertically 
polarized material, No very serious change will take place for aia interval of 
about § to 10 minutes, The cloud {s still smaller than most rader pulse pack- 
ets. 

(c) As time goes on, the cloud may spread in size to several, and pos- 
sibly many, pulse packets. Thus, its echo is diluted and spread. A vertical 
separation between the two polarization directions will be significant and In- 
Cicate that the whole cloud will have fallen through several thousand feet. 

(d) After half an hour, the effects of falling and spreading: are likely to be 
xo severe and so uncertain that one cannot depend on the chaff at all. How- 
ever, there have been many cases in which effective clouds of chaff have per- 
sinted much longer. 


18.3 Materials end Methods of Manufacturing and Dispensing 


18.5.1 Standard Maicrials 

The standard matetlal for the production of chaff ts aluminum foil with a 
thickness of about 0.00045 Inch. It is cut Into strips of various widths such 
us 0.036 Inch, 0.0!6 Inch, and 0.008 inch. Even narrower cuts have been 
made, but they have not been included in any standard packages yet. 
Ordinarily, one dipole ts given a v-bend to Increase Its rigidity, This ls done 
by the cutter, The cuttlng machine is built very much like the cutting portion 
of a lawn mower, Tt has a rotating cylinder with knives that cut the foil 
against a fixed blade, The width of each cut is determined by the feed rate 
of the foll into the cutting head. The vebend Is produced by having every 
other vlade on the cylinder so dull that it simply bends the foll over without 
cutting it. Several layers of fofl can be cut at the same time. The width of 
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the web of {sll determines the ovigine! length of the strips, but the final 
lengths are determined by forming the correct numoer of them Inte a bundle 
and then cutting them In a guillotine cutter. Difflcultles would arise in 
welding the foil on such cuts of multilayers of foil or in the guillotine cutting 
process ff It were not for the fact that the foll ls coated on one side with a 
thin film of waxes called “slip coating.” This also seerns to lubricate the 
knives. Where welghted dipoles are wanted, additional strips of a lacquer 
londed with lead powder are printed on the foil. Thin In called “strip coating.” 
When the foil It cut to length, the lead provides the addltlonal weight to turn 
the dipoles, Ordinarily the strip coating is put on only one alde. 

The various bundles of dipoles are kept in paper wrappers after they have 
been cut to length. They are then assembled in a cardbourd sleeve, using the 
proper proportions of various lengths, The sleeve in dealgned to be held closed 
by two tapes which make up a part of the dispensing syatem. In this system, 
the tapes are torn off Just as the package Is diipensed, Thin permits it to 
open as it falls and to aplll out the dipoles, On occasions, special units are 
prepared for hand dispenalng or for tapeleas dispenscie, Appropriate sleeves 
are chen used, 

Rope is now usually combined with dipoles, although during World War IT 
it was used separately, ‘The standard material now daa roll of plain foll, '4- 
inch wide, 0.00045 Inch thick, and 750 feet long. The rolls are silt from a 
wide web and wound on light alumdnum ring cores, A Hght paper tab is at- 
tached to the outer end, and the roll is then placed In a ight cardboard 
sleeve, Three or more of these are Hkely to be used in ench unit, Following 
dispensing, the rall starts unwinding because of the drag of the paper tab. 
As more and more of the streamer unrolls the drag on the whole streamer 
supports it and the weight of ("> core wakes the unwinding complete, Even {t 
the foll breaks, it is Ukely to continue unrolling unless there wus severe weld- 
ing of various layers of the roll. 

A diagonal cut of dipoles in the 400-megacycle region can be obtained by 
making a radiai incision, approximately 34 Inch deep, into such a rope roll, 
Originally, the stock of dipoies so formed was simply lest around the rope 
(of course, enough extra foil was wound to make up for this), but now & 
separate cutis made and the dipoles are then wrapped separately, 


18.3.2 Spevlal Materials 
In order to Increase the efficlency of chaff, various other materials have 
been tried, Many of these still show promise for use, and some are being 
adopted, Examples are given below: 
(a) Glave tibers-—coated with silver by chemical methods 
(6) Glass fibers— coated with aluminum by dipping 
fey Conducting glass fibers 
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(cd) Glass tubes with a conducting core 
(c) Fused quartz tubes with a conducting core 
({) Mylar with foll laminated to It 
(x) Mylar with metal deposited on It 
(A) xlass fiber yarn with silver deposited by chemical methods. 
(4) Gluss tiber yarn spun with a fine wire 
The fant four materials are used principally In experimental rope. Example 
(4) has been incorporated Into the specications for the RR-66-AL unit. 


18.5.3 Dispensing Systeme 

The standard clapensing system han been mentioned already. Ita actlon 
depesds upon mounting the packages of chaff on two parallel tapes of reln- 
forced paper tape about 144 Inches wide, and 4% Inches apart. A single long 
lonyth af the taped materials containing from 100 to 1000 units can be stored 
wv bins mounted approprately in the alreraft, If more than the content of 
one carton In needed, the tapes can be spliced. A atripper nechanlam (such 
as the ALE-6) then pulls the two tapes at the same rate, Thin in accomplished 
by a palr of double pulley driven by an electric motor, The motor of the 
stripper can run at a wide verlety of speeds; the dispensing rate can be ad- 
justed to appropriate values, An intervalometer, or other programrang de 
vice, can be used to provide a programmed dispensing pattern. Tt cea atze 
be arranged so that the dispensing pattern can be chosen manually dn tleai. 
As cach tape ix pulled down by the pulleys of the stripper, they are pure? 
out of the fastening of the chaff sleeve, ‘The packages then fall down ti: 
chute and out of the alrcreft. Since the sleeve Is no longer fastened, {t ager: 
In the allp stream (or oven whe 
filling down the chute), release: 
the chaff. Figure 18-7 ln a xketin : 
the generel form of such Inataila- 
Hons, 

Tapeless packaghie and dlsprens- 
Ing dias been provided far certaln 
Inatallations, such as car some of the 
decoyn divcussed in Chapter 25. 
Other speclal dinpensing problems 
call fer apectal systema, Two notable 
examples are lispensing from alr- 
craft travelingg at speeds in exceas 
of Alach i aad forward-launched 
Uispensing, No standard Installations 
have eo fee heen determined for dis- 
preneing at high velocities, though 
Bicuke ta-!  Mapenser syatem arverul experimental systems are 
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being tried. Forward launching, as discussed In Section 18.6, is accomplished 
by the use of rorkets such as the ALE-9. It consists of a rocket with a pay- 
load of about 10 units of X-band chaff packed !nto a cylinder, about 3 inches 
in diameter and 2% feet long, made of plastic. Ten separate charges explode 
iri sequence aleng the 2xis of the cylinder, starting at the nose und then dis- 
pensing a trail of ten units as the rocket moves shead of the aircratt. The 
effect of this launching is discussed later. 


18.6 Tactical Consiicrations 
The threat to aircraft that chaff can be expected to combat comes from: 
(a) Radar-controlled antiaircraft guns 
(5) Radar-controlled ground-to-alr missiles 
(c) Raduz active-secking missiles 
(2) Fighter aircraft making use of: 
(1) Ground control based on surveillance radar information 
(2) Airborne intercept radar equipment 

The equipment involved in (a), (6), (c) and (d-2) fall nto the class of 
tracking radars; the equipment for (d-!1) Is of the scan or surveillance type. 
Perhaps one should also point out that even local defense using tracking 
equipment require the background information [rom survelllance-type radars 
for full effectiveness since proper target assignment can seldom be made 
locally and since acquisition of a target Is difficult without “setting on” In- 
formation from scanning type equipment. 

It will first be considered how chaff may be used ayalnst tracking radars. 
The classic situation for the use of chaff considers either a conical scan or 
monopulse radar of high resolution (about 20 yards in range and % to 2 mils 
in both azimuth and elevation). Such high resolving power does not properly 
indicate the size of the pulse packet. It is Hkely to be several degrees wide 
by 100 yards or so in range. A chaff unit dispensed within such a ceil will 
produce an echo merging with that of any otner target within the same pulse 
packet. A trail of chaff units spaced not much more than a pulse apart pro- 
duces a set of echos Jn trail from which it is difficult for a radar to separate 
any normal target. In the ideal situation an alrcraft following In a chaff trail 
already Jaid would not be resolved, and good tracking intormation for anti- 
aircraft guns or for missile guidance could not be obtalned. Ip many reepects, 
this is equivalent to other types of nolae Introduced into the radar signal. 
The situation js also not really chunged when the radar is In a moving vehicle 
such as in the case of an Al equipped fighter or a homing missile. 

Perhaps the principal weakness of this situation it that it ds so difficult to 
realize, Some preceding dispensing vehicle {s required, Once the trail is pro- 
vided it may become very difficult to fly fn it or close enough to it to obtain 
protection. This may he the result of navigational error or simply because 
the assigned mission may not permit it. The trail alone seems to offer only 
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limited protection to the dispensing alrcraft. However, there seem to be 
numerous cases in which a sufficient degree of confusion was Introduced to 
serlously degrade the action of the radar and it js probable that the trail of 
chaff will produce a bias in the indicated position of the aircraft unless an 
effort is made to overcome the effect. If the operator fs using manual or alded 
tracking, he need only track the leading e-ige. In automatic tracking devices, 
simple circult modifications can accompilsh the same end. This is perhaps 
the simplest form of antijamming, 

The problem of protecting a singte aircraft from a tracking radar thus 
poses a problem and some sort of forward iaunching seems called for. Such 
a system launches a rocket in the direction of the filght path. The effect to 


4 
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Fiore 18-8. Geometric reition of forward-launched chaff to alreraft and radar. 


be expected Is Indicated by Fizure 18-8. The line abcdefg is the path of the 
aircraft with b’,c’, @’ the path of the rocket at corresponding times, The dots 
between ¢’ and @’ it. dicate the separate bursts of chaff. The radar does not 
note the chaff until the aircraft is at ¢. It then gets the chaff signal along with 
the aircraft; and under the conditions that (1) the chaff {s in the range gate, 
(2) the chaff echo Is larger than the aircraft echo and, (3) the distance be- 
tween the alrcraft path at polntc’ ts jess than one-half the beamwidth of the 
antenna and at point d@’ is greater than the beamwidth of the antenna, the 
radar concludes that the aircraft Is at 2’, The rest of the way along the path 
the radar tracks the position of the alrcraft Incorrectly, When the aircraft Is 
actually at f, the radar track Inat F’ and when it gets tog, the radar tracks 
it at G’, By the time the aircraft reaches A, the radar will have lost tt com- 
pletely; fe., the chaff may have produced a Dreak-lock. 

The effect of chaffon survelllance type radars (is next in order. It is diffi- 
cult to provide enough chaff to screen an alrcraft completely. To do this, 
there must be a unit of chaff in each resolution ceil of the wadar as for 2 
tracking radar, and, in addition, the chaff should be spread in width as well 
as in length. This means many more unite are required for surveillance 
radars than for tracking radacs. One factor working In the favor of chaff 
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xowever, is that survelilance radars usually have much larger putse packets. 
In addition they seldom have good height discrimination (unless height 
finders are added); it is not necessary therefore that the aircraft be at the 
sane altitude as the chaff. 

Rather than hope for complete screening, it seems more Iikely that pro- 
fection can be obtained by simply confusing the air situation as seen on the 
PPI scope of the radar. For maximum effect there should be a sufficient num- 
ber of chaff echoes to saturate the discrimination power of the radar system 
and operators. Each echo must be examined in some wey or other from sweep 
to sweep to identify proper tezgets, Certainly the presence of many chaff 
targeta can only make the normal GCI procedure more difficult to carry oui, 
thus degrading ihe system. Seme sort of randomness in position is especially 
desirable, but hard to accompiish. If one could provide unmamed vehicles 
to sow In advance, as proposed by Hult (Reference 18), or if a previous wave 
of aircraft could sow confusing patterns of chaff for a later wave of aircraft, 
a very high degree of protection could be obtained. lerhaps this {s one of 
the useful functions of decoy systems yet to be discussed. 

Another type of protection obtained is concealment of the size of an at- 
tacking force. A few alrcraft may be made to simulate a much larger strike; 
and, conversely, if a pattern of heavy chaff sowing has been followed, a reduc- 
tion In sowing rate niay give a picture of a smaller force than usual. [f the 
enemy overestiniates the strength of a stuking force, he may commit a much 
larger portion of his defensive strength than he should. The enemy may thus 
be left too weak to make a proper response to the main force coming later, 

Before proceeding to the track-while-scan systems it is well to polnt out 
that a single aircraft dropping chaff nay only increase its chance of detection 
at maximum range and then mark its trail for the enemy. But it may make 
the enemy apprehensive of other arriving aircraft and he may hesitate before 
assigning the proper force against the one target. This {tself may make the 
chaff worth while. 

Track-while-scan svatems are beginning to appear as part of the radar 
technique, In these systems, the dara presented for over-all surveliiance ob- 
servations are given in such detall and with such f.solution that) useful 
tracking information can be obtained. It ls possible to use lock-on techniques, 
and a system of this sort can track simultaneously quite a number of separate 
targets. Usually the precision of such tracking is not as great as for a stand. 
ard tracking system, but it may still be quite enough for missile guidance. 
Of course, the same sort of screening that will work with a tracking radar 
will work with a track-whil. scan system. The decreaned resolving power may 
even call for smaller amounts of chaff, But even if a proper trail cannot be 
provided, all extra targets will help degrade the system since they must be 
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examined at Jeast once before they are discarded. If enough chaff can be 
provided, serious degradation may occur. 

There fs no attempt to treat all situations or geometries in this section. 
Single aircraft, multiple aircraft, succeeding waves of aircraft, varying 
courses, changing response by the enemy, and many other factors provide 
for many Interesting opportunities for the use of chaff. The reader may well 
wish te think out what will happen under some other set of circumstances 
than those Indlented here. A simple example might be the case of a beam 
or near beam approach by a fighter with AL equipment. Many other examples 
can be thought up easily, It is hoped that several such exercises will give the 
reader a chance to see why the term ‘weapon of opportunity” is used for 
chaff. 

One final polnt for this section is to consider the computability of chaff 
and jamming. It should seem clear that, in general, the use of one will not 
hurt the use of the other. One can think up examples in which this is not the 
case, but, in the actual environment of conflict these apecial cases are not 
likely to ocurr nor are the most effective antl-Jamming measures Hkely to be 
taken, In any cuse It Js clear that the broadband possibilitles of chaff help to 
discourage wide-range frequency shifting, thus backing up any Jamming pro- 
gram. Conversely, the threat of jamming tends to discourage a number of 
antichaff systems, In each individual case the combination is very likely to 
be an improvement over either one. 


18.7 Antijamming 

The problem of antijanmming (A-J) of chaff can be thought of elther a 
discrimination between chaff and target or elimination of the chaff “nolse,” 
The two are exentially equivalent. It {s easiest to describe procedure in terms 
Of discrimination, but this is only a matter of convenience, The basis of dis- 
crimination may be any feature of the chaff echo which differs from that of 
the target. A number of such features are: 


(a) Lack of motion 

(4) Different Nuctuation characteristics 
(c} Different polarization characteristics 
(d) 0 orent echo size 

(ce) Sp. al position 


How such a lack of equivalence to an alreraft can be used depends in de- 
tail upon the radar system. Where the system normally uses an operator all 
of the tine details of differences observable by a person may be put to use. 
An individual can do a great deal of Integration and sorting and jt is almost 
iotruismy that “a well-trained operator is the very best A-J device of all 
wgainst chaff.” But it is possible to saturate the sorting ability of even the 





[ oath a 


CONFUSION REFLECTORS 18-2] 


bes-trsined operator, The differences may also be sufficiently obscure so 
that the delays in discrimination may amount to a rious degradation of the 
system. Of course, In the case of extreme difflerenc = echo size an operator 
will have little difficulty in picking out the chaff. items (b), (c), and (@) 
should In principle furnish useful discrimination, but it hes not been generally 
practicable to depend on them except in the case just mentioned above, One 
other case in which the echo size may play a role occurs when the dipole 
orlentation is se poor that a very weak return is obtained. The lack of motion 
of chaff or its special position have seemed to present the most useful wenk- 
hess tu exploit for A-J purposes, 

A number of schemes for moving target Indication (MTI) are in use. The 
common ones depend upon pulse-to-pulse cancellation of fixed targets, In 
order to have some difference for moving targets so that the cancellation Is 
incomplete, it is customary to use the doppler shift in frequency resulting 
from some radial component ef velocity. If the returned signal !s mixed with 
one exactly like the transmitted signal, a beat will result, This fluctuation of 
signal makes the substraction of two sequential sets of echo give a non-zero 
result for moving targets and a zero result for stationary targets. The com- 
parison signal may be obtained by using the continuously running local oscil- 
lator to contro] the transmitter frequency, or it may be obtained by using a 
reflected signal from a stationary target. The first type [is referred to as a 
coherent MTT and the other is called a noncoherent MTI. The latter can 
only work ff there Ix a stationary target to provide the comparison signal. 
Chaff Itself might provide this target. Some radars can be made to change 
from coherent to noncoherent operation and back at will. 

Such MTL systems are not perfect, though they may provide significant 
and usefui discrimination, Any tangentially moving target ts essentluliy a 
fixed target and will not be seen. There are also certain radial velocities for 
which no target will be seen, These “blind velocities’ are those for which the 
beat frequency is an integral multiple of the pulse repetition frequency. Then 
the beat produces no change in pulse shape and there will be full cancellation, 
These velocities are those for which the frequency shift Av == np, where p 
is the prf and # is an integer. If vo is the radio frequency of the radar, v, is 
the radial velocity of the target, and c is the velocity of a radar signal then 


Ay == pp 0 /C (18-9) 
Thus the blind velocities ere 
pees ee (18-10) 
Vo 


To get a feel for these speeds note that for S-band (vq == 3 > 10° cps) and 
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a prf of 500 per second the first blind velocity is about 100 knots. It is de- 
sirable to keep nas sinail as possible, that Js, to make the b'ind speeds as 
high as possible. This may be done by licreasing the prf or by decreasing the 
radio frequency, If the first is done, it shortens the unambiguous range, and 
if the second {fs done, it decreases the resolving power with the same size 
antenna, Thus the need to counter chaff calls for measures which degrade the 
quality of the radar. In addition, the problem of winds aloft may make it 
impossible wo eliminate the chaff targets. These wind velocitics may be quite 
high. Besides this, they may be different at different altitudes, which prevents 
any compensation scheme from being universally effective, It should be clear 
that the nature of chaff does not make ft useful against a continuous-wave 
doppler system. 

The situations discussed are neurly all dependent upon the effects of the 
atmosphere. In the case of operations outslde the atmosphere, these effects 
no longer hold or are changed markedly. Even the lightest chaff tends to con- 
tinue in a free orbit at full orbital velocities, ‘The very alight drag produced 
by upper remnants of the atmosphere can show itself only a3 a very amall 
effect that can be observed only as it wecumulates over a long period of time. 
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Target Masking and Modification 


J. H. VOGELMAN, 8. K. THOMAS 


19.1 General Cansiderations 


19.1.1 Nature of the Problem 

This chapter deals with appropriate techniques for artificially udjusting 
the magnitude of the parameter vo, the echoing area or radar cross section, 
which occurs in the radar equation. 

Here wu Is defined in the conventional manner to be the area of an 
isotropic scatterer which woulu produce the same echo as the sctual tar- 
get in the direction of the radiation source. This is the moneustatic case, as 
distinguished from the bistatic one for which the radar return of Interest is 
Ina direction other then that of the source. 

Due to the complex navure of most target structures of interest, o will 
vary over a considerable range as a function of viewing angle and puluriza- 
ties, For the purposes of this chapter, unless otherwise stated, these 
Guantities will be considered as constant in the evaluation of changes in a 
due to the techniques under consideration. Since the maximum range of a 
given radar is proportional to the fourth rout of « for a nonextended 
lurget, it is evident that large changes are required in this parameter in 
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order to produce a significant effect. A change may be made in either di- 
rection, depending upen the nature of the desired result. In those situations 
where the intent is to elude radar detectlon by becoming “invisible”, 
the change must lead of course to a redtuced value of the echoing area. 
There are circumstances, hcwever, when, in order to alter the natural radar 
presentation, it is desirable to increase the echoing arca so that targets 
will appear where none would normal!v show For example, for non-normal 
angles of incidence, the echoing area of bodies of water is very small com- 
pared to a land return, Bodies of water appear us blanks on the radar 
scope, and often serve ns navigational alds. If the echoing ar2a is properly 
enhanced In these regions, the radar return level relative to that of land 
will be increased and ihe navigation ald would be removed. 

The means by which the echoing area may be reduced are purely passive 
in character, whereas the methods for Increasing the echo may be either 
passive or active. In the active case, the technique centers around the 
electronic generation of signals shaped and timed to correspond to the 
a'gnal characteristics of the Hluminating radar in order to preserve a natural 
appearance on the scope, The required Increase In « {a obtained by chcus- 
ing an appropriate power level. In the passive case, the returned signal is that 
of the originating radar and the entire emphasis is on concentrating, the 
reflection to as high an extent as is possible. Insofar as target reduction js 
concerned, the method consists of absorbing cr preventing a coherent return 
of the Incident radiation. 


19.1.2 Distinctlon between Ground and Airborne Target Masking 

Since the background of an airborne target fs quite different from that 
of a ground target, a difference in technique may be expected In the detection 
and prevention of detection for the two cascs. The afrborne target is com- 
paratively isolated In free space, and there ure no competing returns, in the 
absence of extraneous decoys, to hamper the Identification of the Important 
turyot, The use of such schemes is covered in Chapter 20; for the pur- 
poses of the present chapter, all airborne targets will be considered to 
be genulne offensive weepons for which a reduction In radar crosa sectlun 
would be a desirable advantage. ‘She design objective in this connectlun 
would be to minimize thia quantity to the greatest practicable extent, the 
limitations being due to the size and weight of the absorbing material 
required to do the job, With the present state-of-the-art, adequate broad- 
band protection would impose a severe penalty on the flyht characteristics 
of a large aircraft if the attempt were made to cover it with abscrbing ma- 
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terial. The use of structural material having absorbent properties {ts an- 
other matter, and will be treated in Section 19.3.3 of this chapter. 

It should be noted that an ultimate Hnfiation on the radar cross section 
of an airborne target is set by the elect. .nic transmitting and receiving 
equipment on the aircraft. Radar and communications antennas, which of 
course cannot be covered with absorbing material, create a residual cross 
section of about ter square meters. This would be the irreducible minimum 
value of v, assuming perfect absorption everywhere else. 

Airborne target reduction must be effective agai:.st bistatic radars and the 
absorbing material, consequently, must preserve {ts electrical characteristics 
over a wider angular region than would be require:\ for the protection of 
ground targets. 

In the absence of absorbing materials, the scatterli-¢ from an eirframe 
can be divided into contributions from three types of .urfaces: 1) doubly 
curved, 2) singly curved (cylindrical), and 3) flat surfaces. When the 
radii of curvature and surface dimensions are large relative to the Incident 
wavelength, the scattering becoines more sharply focused. tn the limit of 
geometrical optics, purely specular reflection is observed. 

An interesting technique for altering the cross section of an a'rborre target 
consists of modifyiug the surface configuration according to the principles 
of geometrical optics in such a manner that large reflections a:e diverted 
to unimportant regions of space at no facrease In magnitude, By tiis means, 
as a typical example, it has been possible to obtain a 10 to 1 seduction 
in broadside cross section In the horizontal plane at the expense of th'se per- 
cent Increase in frontal area. The aircraft surfaces are altered sv that the 
incident radiation ig reflected at angles of about 20 degrees above and welow 
the horlzon. 

The data taken in this connection were obtained by optical techniques cn 
scale models and have been found in good agreement with calculated values 
as well as those measured by true scaling of model and wavelength. The 
10-declbel figure mentioned above corresponds to the practical modification 
of a conventional aircraft. Being bused on the Hmit of gecmetrical optics, this 
approach is of course only valld for wavelengths very small compared to 
airplane dimensions. 

The suriaces of alrframes are prescribed by aerodynamics and hence the 
change in contour, Le., conversions to flat surfaces, required by the method 
mentloned above find little application, However, in the absence of re- 
striciions on allowable orlentations and shapes, the control of scattering 
by reflecting surfaces may be competitive with control by absorbers, 
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Ground targets are situated in an environment which generally produces a 
variety of reflections, one important exception occurring when the “ground” 
ln the surface of the sea. Since the desired objective Is to render the target 
as inconspicuous as possible, the means of accomplishing this will usually 
be more complex than the mere reduction of the radar cross section of 
each component of the target. To biend in with the surrounding terrain, 
various portions of the target may require no treatment or enhancement, 
either passive or active, The situation is quite different from tnat of an 
ulrborne target, which stands out against an empty background. 


19.1.3 Limitations on Size of Target 

As stated previously, all other factors remaining equal, the range of a 
xiven radar is proportional to the fourth root of ¢, the radar cross section. 
There may be cases, however, where the naturai value of uv is so enormous 
that, even when substantially reduced by the various availavle techniques, 
the resulting radar ranges Is more than adequate. As an example of this, 
consider a large ship which would have a radar cross section on the order 
of one milliou square meters, with the lack of reflection from the surrounding 
water providing a high degree of contrast. Suppose that it were possible to 
reduce the cross section by 20 decibels, which would be a difficult task to 
perform, even over a relatively narrow band, Using the reduced value of 
vy == 10* square meters in the radar equation, along with nominal values 
of 60 kilowatts peak power, 30 decibels antenna gain, and 84 decibels below 
no milliwate (-dbm) receiver sensitivity ot X-band yields a range of gpprox- 
imately 90 kilometers, An airborne radar having these characteristics 
would thus retain a considerable capability agilisi a ship protected to the 
extent Indicated above, and reducing the ship's cross section would be of little 
/alue. 

The foregoing example iadicates a linitation on tne usefulness of v- 
reduction in the case where jurge targets are Involved. ‘The case chosen to 
(ustrate this is extreme, and the same considerations would not necessarily 
apply to Jand based targets, for reasons previously mentioned, 


19.2 Methods of Target Masking and Modification 


19.2.1 Absorbers 
Insofar as target reductlon ts concerned, the ideal countermeasure Is 
one which renders a target completely invisible to an enemy radar, ‘This 
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may be accomplished in theory by employing a suitable absorbing material 
as a cover which simulates the impedance ef free space. In practice, this 
Isa difficult technique io apply, especially, if the wavelengths under con- 
sideration are to range over a wide band, as is usually the case. The pro- 
gress which has been made to date in developing absorbing materials is 
reported In subsequent paragraphs of this chapter: {it will be seen that 
significant broadband reductions in a may be achieved with smali weight 
and large volume, or large weight and small volume, but the combination 
of small welght and sma'l volume has vet to be realized, This is not true for 
narrow-. ©. applications, where ao satisfactory combination of electrical 
and mechanical p. yertice may be obtained quite readily, This is an {im- 
portant point, since oot all operational requirements call for a wide fre- 
quency band, Certain . ‘ses of targets will be subjected only to high: 
resolution radar operating «oo 7 6a microwave bands and may be = pro- 
tected at Iittle sacrifice in weight or volume. There are, on the other 
hand, targets for which mechanical restrictions are relatively unimportant 
and in this case good broadband protection can be provided. 


19.2.2 Reflectors 

Reflectors are passive devices Intended to augment the radsr return from 
a given area and. when used in combination with absorbers, serve to alter 
the normal radar presentation thus providing an electronic camouflage. Th. 
function of a reflector Ix, of course, exactly the opposite of an abserbe?, 
and it should operate In thin fashion over the same bandwidth as the 
aosorber and fe: the same viewing angles. 

For all practical forms of reflectors, there is a natural dependence of a 
upon the reflector dimensions expressed in’ wavelengths, so that a given 
physical shape will have bandwidth properties: beyond the control of the 
designer, The viewing anele over which effective reflection may occur Is, 
ou the other hand, subjecs to a large measure of control, depending upon 
the extent to which the mechanical consequences. may be tolerated. A 
Nat metal plate ds the simplest condguration; it yields a high reflection 
over aonarrow angle. ‘There are various forms of corner reflectors, which 
are three-dimensional objects, capable of operating over wider angles. Still 
wider angle performance may be obtained through the use of a properly 
arranged lens such as the Luneberg type, which represents another deg e 
ef constructional complexity, Design relationships for these reflectors are 
wiver dn section 19.4, which will assist ip the selectlon of the beat cop: 
figuradion fora particular application, 
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19.2.3 Structure and Terrain Ceatouring 

This topic deals with the electronic camouflage of land targets and sur- 
rounding areas by means of the absorption-reflection techniques discussed 
above. The quality of the results depends on the material and effort which 
can be allocated to the purpose, since weight and volume restrictions are 
not of prime importance here. Broadband absorbing material is commercially 
available, or can be produced readily for a variety of applications, Including 
those requiring a substantial degree of weather resistance. As previously 
indicated, the reduction In cross section need not necessarily be great for 
every part of the target; various regions of it will require differing degrees 
of protection, which ts of importance from an economic point of view. 

Insofar as reAecting clements are concerned, corner reflectors would be 
the inost economic type if large quantities were required, This will generally 
be the case since important target areas or their simulated counterparts 
ure extensive In area. Not only miiy real targets be altered by these means 
but false turgets may also be created te confuse the radar operator who 
depends on the presence of real targets to fulfill the navigational require- 
ments of his mission. Some applications of this technique will be disctssed 
in section 19.5 of this chapter, 


19.2.4 Electronic Target Simulation 

Electronic target simulation refers to the generation of fulse targets by 
active means, There {is a distinction between this technique and distributed 
area jamming, The latter method employs large numbers of jamming trans- 
mitters located throughout a large ground area and produces many sources 
Gf masking radiation which are not Intended to create the appearance of 
genuine targets, The radar operator will know that he is being jammed 
and wili be faced with a problem different from the one posed by target 
simulation, 

In the case of target simulation, the objective is to produce a radar return 
which will not contain information that might reveal its spurious nature, 
being merely a stronger echo of that which would normally occur. A typleal 
application of this technique would be to raise the apparent strength of nava! 
units by giving small vessels carrying the appropriate equipment the elec- 
tronic dimensions of destroyers, or battleships. A similar concept may be 
eniployed in the case of aiiborne vehicles; this situation is treated at some 
length in Chapter 20, “Decoys”. 

In accordance with the foregoing, a target: simulator consists of equip- 
racut which receives the radar signal and retransmits e faithful duplication 
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of it with a minimum of time delay. The apparent size of the target would 
depend upon the power employed; the power need not be excessive to 
create significant effects. Onnidirectional antennas are generally required, 
and the system should be relatively broadband to cope with a variety of 
radars, Difficulties cvill naturally arise if the number of these becomes too 
great since one <u ,ment cannot provide a satisfactory reply to an over- 
whelming quantity of interrigations. The general characteristics of this 
type of equipment are discussed in section 19.6. 


19.3 Prepertics and App!icatiuns of Absorbent Materials 


19.3.1 Broadband Compositions 
Any absorbent material may be analyzed 43 a section of a transmission 
line having a characteristic impedance given by the usual relationship 


where ;. and « are complex quantities expressed as w sz py! — fp’ and e = 

— id’, The joss tangents are u”/p’ and «”/«’, and these should be high for 

rapid attenuation In the “line’’. The lower these vaiuvs are, the greater the 

ioe length, or material thickness in this case, must be to produce a given 
senuation, 

The equivalent circuit for a broadband -‘ wrber can be considered as a 
transmission line of constant characteristic impedance matching free space, 
composed of lossy elements, or as a transmission line of tapering charncter- 
istic impedance such that its Input Impedance is that of free space at the 
surface, transforming down to a perfect conductor cr short-circuit, 

Several versions of broadband absorbers are commercially available, con- 
sisting generaily of a celatively light-weight foam or halr mat, impregnated 
with lossy material such as conductlve rubber, The required thickness de- 
pends upon the maximum wavelength for which the absorber is to function; 
the theoretical minimum would be about 0.1A,,. for a homogeneous coni- 
position depending upon the exact absorption specifications. Yalues of 
0.1 5Amax have been obtained in practice. 
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Table 19-1 lists the properties of a few typical absorbers of this class, all 
having a power absorption of 98 percent. This value is based on normal 


Tasie 19-I, Typxs or ABsorDERS 


Type Lowest frequency Thickness Welght 
(kmc) (inches) (1b/ft*) 
Hair mat 2.5 2 0.33 
Flexible foam 2.4 1 0.56 
Rigid plastic foam 2.3 2 0.62 
Hair mat (pyramids) 0.15 26 3 
Flexible foam (pyramids) 0.10 36 2.75 
Rigid plastic foam (pyramids) 0.04 48 5 


Incidence of the wavefront, and it should be emphasized that for non-normal 
incidence, the characteristics may differ. A good quality absorber should, 
however, operate satisfactorily for all polarizations with incidence angles 
up to about 30 degrees. Since reflections at such angles will not return to 
the source, any decrease in performance in this respect is of no consequence 
insofur as monostatic radar is concerned, 

These absorbers retain thelr properties throughout the microwave region, 
and, hence, are extremely broadband. The last three items in Table 19-1 have 
a surface formed in the shape of pyramids. This provides a more gradual 
transition from free space to the absorbing material, thus producing less 
reflection. it Is seen that these absorbers are relatively low in welght, at the 
expense of being very bulky, and are not suited for aircraft application, They 
are applicable, however, to fixed structures and are widely used for reducing 
reNlections In test sites, Compared to the halr mat, the plastic material has 
superior weather-resistant properties. 

It is possible to reduce the bulk to a considerable extent at the expense 
of Increased weight through the use of ferrite materials. The previously 
quoted minimum thickness of O.lAga, was based on the use of nonmagnetic 
substances; it may be reduced by a factor of |» |/po through the use cf a 
suitable magnetic material in the case of nonresonant configurations. Ferrite 
compositions appear to be the most promising in this respect, They involve 
high-loss magnetic materials embedded in a dielectric matrix. 
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Relatively thin resonant configurations based upon the use of ferrites 
are available. They exhibit bandwidths on the order of 10 to 1. This appears 


TaBLe 19-]1], Ferrites CAPABLE or 95 PERCENT ABSORPTION 
AT NORMAL INCIDENCE 


T'y pe Lowest frequency Bandwidth Thickness Weight 
(Amc) (ratio) (inches) (§b/ft*) 

Ni-Mn-Zn 0.10 13.2 0.217 5,20 

NI-Zn 0.05 11.2 0.347 8.32 


to be exceptional Inasmuch as resonant-type absorbers generally have frac- 
tonal bandwidths (see next section). Resonant ferrite structures yield such 
bandwidths because of the manner in which « and » vary with frequency. 
Effectively, they cause a given physical thickness to maintain an electrical 
thickness of a quarter wave over an extended region of wavelengths. Tabte 
19-II tists two such ferrite materials, capable of 95 percent absorption at 
normal incidence. 

Although these compositions require lttle volume, thelr welght is exces- 
alve for alrborne applications, Heating also constitutes a problem ¢’ace the 
Curle temperature at which the magnetic characteristics disappear is rela- 
tively low. These materials, at present, seem best sulted to fixed-target or 
small non-alrborne-target covering. Their weather resistance is superior to 
that of the hair mat or foam type materials, 


19.3.2 Narrow-Rand Compesitions 

Nearrow-band absersers include a wide class of special impedance- 
matching structures composed of layers of different materials, the neces- 
sary loss belng provided by resistive elements or sheets. They can be made 
quite thin compared to the broadband types which are essentlally homvo- 
xeneous absorbers, the equivalent circult for which Is a transmission line of 
constant, or possibly tapering, characteristic Impedance. 

In the narrow-band case, the equivalent clre consists of a number of 
transmission lines connected in series. Each lays of the material may be 
considered as one such Hine, and its constants are adjusted to provide a 
certain impedance transformaticn from the preceding layer. By this means, 
one mev start from the normally reflecting target surface and, through a 
serles of transformations, arrive at oa surface Impedance which matches 
that of free space, the necessary attenuation having been Included in the 
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design of some or all of the material layers. The number of parameters 
available for adjustment is thus larger than In tae case of the homogeneous 
Dbroudband absorber; this additional complication manifests itself! c- 
trically as a resonance phenomenon having typically narrow-band chai. . 
teristics, 

During Worid War II, two principal types of resonant absorbers were 
developed by German scientists and used with success in snorkel camoi- 
Raye. The first of these, the Jaumann absorber, consisted of seven layers 
of thin semiconducting sheets, separated by dielectric layers of equal thick- 
ness, about 0.35 Inch. The lossy sheets were made of lampblack-impreg- 
nated paper having a thickness of 0.004 Inch, and the conductivity of the 
virious sheets was graduated exponentially from layer to layer. The second 
absorber, known as “Wesch-Mat", consisted of two layers with a total 
thickness of about 9.3 Inch, which was considerably less than the Jaumann 
absorber purporting a similar wavelength coverage. The first layer con- 
sisted of a 0.04 inch thick rubber sheet. This was covered by a mat of a 
rubber-like substance, molded ir the form of a waffle and loaded with car- 
bonyl fron powder. Good absorbing properties were claimed at 3.3 and 10 
kilumegacycles, with a resonant reflection occurring at 6 kilomegacycles., 

Subsequent work In Germany has led to the development of a technique 
which consists of spraying a metal surface with eight coats of a palnt-llke 
inaterial, each having different electromagnetic properties. This process pro- 
vides excellent environmental and mechanical characteristics, which make it 
suitab'e for application to aircraft. The total thickness Is about 0.08 Inch, 
with a weight of about 0.76 pound per square foot. The material absorbs 
93 percent or more energy over a 20 percent bandwidth in the 10 kilomega. 
cycle region, 

Research as been Initiated with the ublective of increased bandwidth by 
investigating such items as electric and magnetic dipole absorbers and sb- 
sorption of energy in anisotropic media, Emphasis in the first category has 
been placed upon absorbers incorporating resonant clements or loops elther 
arranged within the mete’ backing sheet Itself or by specially dimensioned 
resonant circults. Preliminary results indicate an absorption of better than 
95 percent in the 2.5 to 6 kilomegacycle band for a material thickness of 
approximately 0.8 Inch. Insofar as anisotropic compositions are con- 
cerned, sultable ferromagnetic materials have yet to be developed, bur it 
has been predicted that an absorber thickness of 0.033 Inch over a metal 
surface or 0.010 Inch over a masonry surface might be produced, pro- 
viding 98 percent absorption in the § to 38 kKilomegacyele frequency band, 
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As previously noted, resonance absorbers involving ferrite materials in 
general have superior bandwidth properties because of the manner in 
which » and « can vary with frequency. 

Absorbent coatings for airborne use must be thin, lightwe'ght, and dur- 
able, Presently the only availadle materinis which meet such specifications 
are relatively narrow-band and function in the microwave frequency 
regions. Insofar as their application is concerned, it should be noted that 
certain elrcraft portions contribute more than others to the radar cross 
section; for example, the head-on return is principally due to wing edges 
and engine nacelles. Thus, selective covering must be employed and in- 
stalled in accordance with experimental measurements for each given type 
of aircraft, 


19.8.3 Structural Absorbers 

‘nm contrast to the techniques previously discussed, which deal with the 
covering of reflecting structures, there remains the use of structurai muatertal 
with inherent absorbing properties. Such materials would be suitable for 
beth alrborne and ground configurations and have been the subject of con- 
tinulng research for some time. In one version, the absorber has a honey- 
comb construction, with loss provided by incorporating material of logarith- 
mically graded resistance along the sides of the honeycomb cells. The 
dielectric materia: consists of phenolic-fiberglas, both for the fucing sheets 
and honeycomb, and the resistive material {s a combination of carbun black 
and silver powder, Absorption of greater than 95 percent over a 2.5 tu 13 
kilomegucycle range has been achieved with a material thickness cf one 
inch and weighing 0.7 pound per square foot, which Is satisfactory for 
some subsonic vehicle designs. A material with mechanical characteristics 
suitable to vehicles operating at supersonic speeds remains to ve developed; 
the associated high temperatures end erosion processes: present serious 
problems. 


19.4 The Deaign and Une of Reflectors 


19.4.1 Corner Reflectors 

Figure 19-1 shows three types of corner reflectors. All consist of mutually 
perpendicular plane surfaces, meeting jn an apex deaoted by O in the 
sketch, which represents the appearance of the reflector as viewed alung the 
axis of symmetry. Triangular corner reflectors are those having sides A’ KO, 
circular corner reflectors have sides AA°BO, and square corner reflectors 
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have sides 4.4/°°BO. The projected areas of each would be as shown; the 
reflection obtained In cach case depends directly upon the projected areca. 
Formulas are given tn Table 19-117 for the various maximum radar cross 
sections and that of a flat plate. The maximum value of « occurs along the 
axis of symmetry, which In the case of a flat plate is the perpendicular to 
Its surface. 


TABLE 19-T12, ForRMULAS FOR RADAR 
Cross SECTION AND A FLAT Plate 
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Frauen 19-1) Corner Reflectors 
(projected View) 

The values are arranged in a descending order of magnitude; It ls seen that 
the flat plate provides the greatest return for a given projected aren. This 
In true, however, for only a very limited angular region; the Nat plate is 
therefore sinsultuble If any appreciable range of viewing angles is involved. 
For example, at a viewing angle of lees than two degrees from the per- 
pendicular, a fat plate 10 wavelengths on a side has a radar cross section 
that ds one tenth of the maxinium value. In comparison, the cross section 
ofa trlangular corner reflector is only reduced to one half of the maxfioum 
i un angle of 20 degrees. Operational requirements generally call for wide- 
wagle coverage, and the three types of corners differ Httle in) this respect, 
The triangular version, although having the lowest value of gag, is gen- 
erally chosen because it can be easily manufactured and handled. It should 
be noted that the radar cross section In all cases is a function of the wave- 
lengt. “Phis is the only additional electrical design factor which must be 
considered, other than that of insuring that highly conducting materials 
are used in order to maximize reflections, 
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19.4.2 Luneberg Lens 

In the event that wider angie coverage is desired than may be obtained 
from a corner reflector, i sultable means of achieving this result is the use 
of a Luneberg lens, applications of which are treated in Chapter 10. In its 
simplest form, this lens consists of a sphere constructed of low-loss material 
having a value oj ¢« which varies with the distance from the center of the 
sphere ia accordance with the relationship 


e(r) =e 2-— (7/R)" 


where & iy the radius of the sphere. This creates a tens action which brings 
a plane wave incident upon the sphere to a focus on the surtace at a point 
diametrically opposite fram the point ef tangency of the wavefront, Thus, 
if w small reflecting disk is located at any point on the lens surface, plane 
reflection from the projected area of the sphere results along the direction 
of the line Joining this disk and the center of the lens. If a larger portion 
of the sphere ja covered with a reflecting material, the same magnitude of 
reflection resuli over all viewing angles corresponding to the covered 
portion. Tm practice, such reflectors are designed to provide coverage over 
a 90-degree cone, For a wider angle design, the reflecting cover will pardally 
block the Incoming wave at extreme andes, thus reducing the effectiveness 
of the device, The value of v which holds over the operating region ty based 
upon the projected area of the sphere and is giver, by 


(projected area)? . 


In practice, a dielectric materlal having the condnuously varying prop- 
erties specified above is difficult to realize and seme approximation must be 
made. One commercially available version of sach a design, which provides 
excellent performance, consists of a spherical molded core and nine molded 
concentric shells, The core and shells are dimensioned in accordance with 
the theoretical Luneberg Jens formula, but in discrete steps, The dielectric 
constant of the core is 2.0, and the shells have dielectric constants ranging 
from $9 to Pb in OW steps. Phe material is a Ughi-welghi low-loss, plastic 
foum capable of being molded to a very accurate tolerance, both dimen- 
slonally and with respect to the dielectric constant, 


19.4.3 Phe Van Atta Array 
An interesting type of reflector, bearing the name of its originator, con- 
sists of an array of radiating elements which are Interconnected ino such a 
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fashion that the phase distributions corresponding to a received wavefront is 
transformed into thet required to form a transmitting beam in the same 
direction. The transformation is accomplished by connecting each element 
to ity diagonally opposed mate (with reference to the array center), ali 
connecting Nines having equal length. 

The measured vroperties of such a clevice show that it provides angular 
coverage superior to that of a corner reflector, For example, a 4 by 4 dipole 
array with half-wave spacing produced a half-power return at an angle of 
JO degrees, as compared with the 20-degree angle previously mentioned 
for the corner reflector, An outstanding advantage of the Van Atta Array Is 
that it is essentially two dimensional, whereas the corner reflector requires 
substantial depth, This is of course an Important consideration for alrborne 
decoy applications. 


19.5 Applications of Structure and Terrain Contouring 

As previously fin‘? ated, the alteration of radar returns from structures 
and surrounding terrain may be accofylished chrough a combination of 
uctive and passive means, The active devices consist of electronic trans- 
ponders, to be discussed in Section 19.6, which serve to augment normal 
radar returns, The passive devices can either augment or diminish the 
normal returns, In the first case, reflectors are used; absorbing materials 
accompsh the second objective, 

Reflectors are suitable for the simulation of small citles, bridges, etc. 
Bodies of water such as lakes and rivers, wh'ch normally appear dark on 
the radar scope, may be concealed through the use of reflectors, thus: re- 
moving important navigational alds, The design and distribution of the 
reflectors depends on the magnitude of the desired resuit and the viewing 
angles over which the effect Is to be maintained. Returns beyond a certain 
magnitude cannot be produced satisfactorily through the use of reflectors, 
and more powerful techniques are required at this point, Electronic trans- 
ponders or active Cairget simulators fulfill the nower requirements for the 
simulation of large cities. Many additional refinements in deception are 
available through the design of active circuitry of this type; for example, 
moving returns can be produced which will introduce errors in wind infor- 
nuttion obtained from them, thus compounding the difficulties of the bomb- 
ing and navigation system, 

fosofar as the reductlon of radar returns is concerned, two methods are 
avitilable. Structures such as buildings and bridges may be covered with 
“irlous types of absorbent material in the first instance. Secondly, a con 
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siderable amount may be accomplished by contouring fences or sloping lan! 
around buildings tu destroy perpendicular relationships between walls and/or 
fences and the ground. 

Each situation may require & particular combination of act!ve and passive 
techniques. 


19.6 Typical Electronic Target Simuiator 

The technique Involved Lere Ix reiated closely to the problems of target 
masking and modification and js discussed for the sake cf corapleteness, The 
equipment which performs this function, however, belongs to the generai 
class of rudar repeaters, and this subject is treated at length in Chapter 15. 

A target simulator Intended for ground use will differ from one employed 
t© protect polnt targets such as ships and alreraft by the length of the re- 
turned pulse. The ground, belng an extended target, will produce an echo 
of greater duration, and this characteristic must be simulated by the ap- 
puratus In order to provide adequate performance, It witl alse be observed 
that the range relationship used for the point target situation, Le, 


Range « o ‘4, 


does not hold in this case since, for a given antenrs beamwidth, the greater 
the range, the greater the illuminated area becomes. In this connection, v 
is dicfined on a unit area basla and the total effective echoing area is there- 
fore proportional to the square of the altitude of the viewing radar. Thus 
the range relationsh!p becomes 


Range « oy '?, 


where «oy iy the unit ares value of ground reflection. This equation ts the 
one which must be coasidered in esxtabiishing the power level of the target 
simulator, 

The simplest physical realization of such a plece of equipment consists 
of a broadband recelver, pulse stretcher, and broadband transmitter. tna 
typical microwave application, traveling wave tubes might be employed in 
conjunction with a crystal detector to achieve a high, galn-bundwidth pro- 
duct. To avoid regeneration, the output pulse should be time-limited te less 
than the interpulse period of the received signal. In operation, the receiver 
is gated off while the pulse reply is being transmitted. 
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19.7 Experimental Exempiles of Target Alteration 
Figures 19-2, 19-3, and 19-4 are airvorne radar scope presentations which 
Mustrate the alteration of targets through the use of corner reflectors, Five 
types of corners were used in obtaining this data: 
4 foot Triangular 
A foot Square 
6 feot Square 
6 foot Trangular 
8 foot Triangular 
In the cause of the square reflector, the dimension refers to the edge, and in 
the triangu':r case, the Indicated dimension is the altitude of the aperture. 
igure 19-2(a, b, and c) shows the effects produced at Oneida Lake, N. Y. 
In Figure 19-2a, this appears on the left, the upper boundary being the 
east end of the lake. The small peninsula seen at this end was formed with 
{0 corner reflectors (4 foct Triangular) placed on Ife rafts. In Figure 19-2b, 
this arrangement was disturbed by high surface winds which broke the 
anchoring. The Individual corner reflectors can be seen as a series of battle- 
ships forming a flotilla across the lake. Figure 19-2c shows the same 10 
corner reflectors Ind out to form an island in the middle of the lake. 
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Fiouns 19-2) Corner Reflectors on Onelda Lake, N. Y, 
(a) Peninaula formed with corner reflectors 
(b) Surface wind effects (c) Istind formed with corner reflectors 
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Figure 19-3 (a, b, and c) was taken in the region of Holloman AFB, 
New Mexiro, Figure 19-3a shows the effect of 16 reflectors placed to pro- 
duce a duplicate of Holloman AFB and a comparison of it with Holloman 
and Alamogordo, Figure $9-3b shows the effect of 20 reflectors set up te 
duplicate Holloman APE together with (he radar return from) Holloman 
itself, Sigure 19-3¢ shows the same situation at closer range. 

Figure 19-4 (a, b, c, and d) was taken at Eglin AFH, Florida. The re- 
lector compiex, which faced north, consisted of thirteen 4 foot square, seven- 
teen 6 foot square, seventeen 6 foot triangular, and twenty-one 8 foot trlan- 
gular corners, each having « Ut angle of 28 degrees. igure 19-40 shows the 
reflectors and the Eglin main complex at a distance of 174 miles at 180 and 
185 cleyrees respectively. Figure 19-4b shows the reflectora at 94 miles and 
Eplin at 97 miles, at 176 and 144 degrees respect vely, In Figure 19-4¢, 
the reflectors are at a distance of 39 miles and a bearing o° 174 degrees, 
with the Egiin mala complex at 42 miles and 190 degrees. The final pie- 
ture, Figure {9-4d shows the reflectors at 14 miles and 165 degrees, and 
“giin at 17 miles and 205 degrees. 
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(c) Reflectors, 39 miles, 174 degrees; Eglin maln base, 42 milea, 190 degreen 





(d) Reflectors, 14 miles, 165 degrees; Eglin main base, 
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20.1 Introduction 

One of the most effective counter 
systems iy the technique of presen 
of targets which completely seturate 
is saturated, the survival probubility 
rapidly. A promising countermeast 
radar decoy. The premise is that i 
d‘vtinguish between lethal vehicles 
riasiles must be committed to both | 
the defense (References | and 2), 

in this chapter, we first. consider possible models of the enemy eli ‘ro- 
magnetic defense environment, ea ‘ly warning, ground-controlled ater: 
ception (GCI), and missile control | adars (References 3, 4, 5, 6, anc: 7), 
We then examine the techniques vg/hich the enemy may employ te dis. 
tinguish between bombers aad decf Ys: The simplest techniques are modi- 
fications of existing radar equipmag ®t For example, In order to dete:mine 
the relative size of targets it is possible to use the break-in rang: and 
subsequent information on aspdfct angle to distinguish between large 
and small targets. More sophisti ‘ated counter techniques require elal orate 
modifications, and, in’ some cayres, new radar systems. For exam,ile, a 
polagrization and statistical properties of the 


measures against enemy radar def :nse 
‘ing the enemy with a large nursber 
the defense system, When the defense 
of the attacking force Increases + ery 
ire which achieves this goal is the 
f the defending radars are unabl' to 
and decoys then Interceptors and 
hreats, thereby diluting and satur ting 


defense might employ the 
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echo, simultaneous comparison of echoes at different frequencies, and 
bistatic radars to Identify the targets. Another possible technique is the 
distinctive infrared radiation of the different vehicles. Thus a study of 
possible techniques for {identification is a necessary prelimliary to the 
study of the simulation techniques. 

Having examined techniques for discriminating between vehicles, we 
next consider the application of passive devices to simulate the echo of 
the bomber. An examination of the simulation requirements indicates 
that corner reilectors are capable of simulating the bombers for most 
viigles at microwave frequencies. At the broadside angle, the target echoes 
wre very large, und the simulation ts more difficult, Since the sinvulation 
of brondside echoes places a severe weight and size penalty upon decoy 
equipment, we discuss, in detail, the problems involved In employing the 
large broadside echo for identification, 

Kor frequencies below about 1,000 me, the corner reflectors become 
too durge to be carried on the vehicle, In this region, 50-1000 me, it is 
necessiry to employ electronic means to simulate the bomber. 

The most useful active system for simulation is the straight: through 
repeater, This device receives, : mplifies and transmits an enhanced signal 
without altering any of the r-f characteristics, Unfortunately, the straight 
through repeater, under certain conditions at low frequencies, will oscillate. 
For those frequency bands where the straight through repeater fails, a 
mated repeater can be used. 

Transponders are also considered for this application, The swept oscillator 
transponder, usually considered for false target generation, is analyzed to 
determine how well it would function for simulation, Another device, the 
pulse barrage cransponder, which employs a wideband noise source to 
produce target echoes, is analyzed and sperimental results are persenied. 

The active devices considered in’ this chapter differ, somewhat from 
repeaters in Chapters §§ and 19. Since ¢he problem [is to place. sufficlent 
energy in the main beam of the radar to simulate the bomber, relatively 
ttle power is required for effective deception, Consequently, techniques 
which may be feasible for decoys may net be useful for generating false 
targets and jamming, 

Finally, we examine some of the problems encountered in) designing 
equipment for simulating infrared radiation. 


20.2 Characterisation of Decoy Minutios 

Before discussing the defense environment in detail, it fs helpful to note 
the significant features of a possible decoy. Tentative characteristles of a 
long range decoy are given below; 
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Range: 4000-5500 nautical miles 
Speed: Mach 0.8-0.9 
Wing Span: 24 feet 
Over-all Length: 33 feet 
Gross Weight: 7500 pounds 
Payload: 500 pounds 
Altitude: 40,000- 50,000 feet 
Guldance: Autopilot: stabilization system using low drift) rate, 


Integrating rate gyro for directional control with pro- 
visions for preflight programming of turns ia either 
direction, 


A drawing of the decoy is shown In Figure 20-1. The forward section of the 
vehicle contains an array of corner reflectors for microwave simulation. 
Additional simulation for the broadside angles is provided by metal sheets 
imbedded in the plastle rudder. The payload is contained in wing sectlons 
close to the fuselage. The guidance equipment is located in the nose of the 
vehicle. Glass fiber construction Is used for the wings, the forward section 
containing the reflectors, and the rudder, 





Fiourx 20-1) Drawing of a long range decoy 


The purpose of the long range decoy Is to saturate the interceptor and 
long range missile defenses along the attack corridor, A short range decoy 
can be used to saturate the inner defenses cr short range, high firing rate, 
missile sites. Several can be launched from a bomber. It has been estimated 
(Reference 1) that three to five missiles per bomber are required for ade- 
quate diluiion of enemy Interceptors along the attack corridor, 

The long range decoys can be employed ia a number of ways. For ex- 
ample, they can be sent out fn advance of the main bomber fleet, This tuetic 
forces the defense to commit a pertion of the fighters to intercepting the 
decoys, thereby reducing the force available for use against the main bomber 
Neet. Another possibility is to use the decoys for felnt raids to draw off 
interceptors from the attack corridor, Decoys may also be employed for 
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seeding the corridor with chaff. Finally, the decoys can be used to harass 
the defense by periodic Aghts independent of planned raids. In this manner, 
the defense will dissipate some of its potential In destroying the decoy air- 
craft. 


20.5 Dofense Discrimination Capabilities 

The simulation requirements of the decoy are strungly dependent upon 
techniques fur discriminating between bombers, decoys and other long range 
air breathing missiles. There are many possible ways for the defense to 
discriminate between bombers and decoys, and it is the purpose of this sec- 
tlon to perform a preliminary evaiuation of discrimination methods, In this 
way, emphasis can be placed on simulation techniques which would be useful 
against expected defense discrimination methods, 

To ald the evaluation of different counter techniques, four assumpiions will 
be made. 

t, The decoy is equipped with corner reflectors to Increase the echo at 
microwave frequencles and carries repeaters to simulate the bomber echo at 
low frequencies. 

2, The enemy will rely primarily on pulse radars in the early warning and 
GCI operation. 

3. The aerodynamic performance of bombers and decoys will be suffi- 
clently alike so that no Identification between the two could be made by 
means of alr speed, altitude, or heading information. 

4, Dlscriminetion between bombers and decoys by airborne devices will 
be of limited importance. 

Target discrimination can be accomplished by both active and passive 
methods, The passive methods include infrared detection and the intercep- 
tion of alrcraft electromagnetic radiation. The active methods involve mod- 
fications of radar systems. 

An infrared (iR) detector can be employed for target discrimination by 
detecting differences in the strength of the radiation received from different 
turgets. The IR power will vary with the range and the aspect or viewing 
angle of the target and this information must be availabh vor analyeis. The 
principal dixadvaniage of ground based IR equipment iy the limited range 
resulting from atmospheric attenuatlon, Another serious disadvantage = is 
the requirement of clear skies. 

A more promising technique is to sense the electromagnetic radiations 
which are normally emitted by the bomber. In general, the bomber will be 
emitting radiations which the decoys will not. Bombers will have active 
electronic equipment; navigation and bonibing radars, and jammers, With 
regard to the former, the effectiveness of the passive detectors depends on 
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the duty ratio of the radars and prior information concerning the frequency 
of transmission, It appears feasible to reduce the duty ratio. with the use 
of storage tube techniques, to a value sufficiently small thet the probability 
cf detection would be too low to be useful. With regard to jammers, it 
would ke necessary to mount jammers on some of the decoys, In fact, 
decoys have been considered «i a utility vehicle for jammers in raids where 
mutual protection is feasible. 

The most useful technique for passive discrimination relies on the dis- 
tinctive signals which the decoy must radiate for iow frequency simulation 
(§0-1000 mc). It will be shown that the simulation in the 50-1000 mc 
region must be carried out by active means. Presently most of the proposed 
simulation schemes involve some form of time sharing repeater. These s!g- 
nals appear as a normal return on an ordinary radar display. With special 
eaulpment, the time sharing churacteristics can be sensed and the decoys 
Identified. However, time sharing repeaters can also be mounted on the 
bombers and the Identification process becomes much more difficult. 

In general, there is no high confidence technique fer discriminating be- 
tween bombers and decoys by passive means. 

Discriminating between bombers ard decoys vy acilve detection refers 
to a detalied examination of the characieristica of the radar echoes from 
both vehicles. At present, the trend in radar design is to suppress detailed 
information contained In the received pulses. Ir may be possible to dis- 
tinguish between the two vehicles on the basis of differences in the average 
amplitude of the echoes. Without simulation equipment, the larger aircraft 
present a lerger average radar cross section, This difference appears as a 
difference In break-in range In present radars. With simulation equipment, 
the differences In average amplitude are obscured by the nolse jn the radar 
and the amplitude noise of the return. In addition there are variations In 
echo power caused by changes In aspect angle. For mest aspect angles a 
amall number of corner reflectors can simulate the target echoes. At the 
broadside angles, the echo of the bomber Is so large that the broadside echo 
cannot de simulated by this configuration, It will be shown, that as the 
vehicles pass through the defense network, the bomber presents a broad- 
side aspect for a considerable portion of the flight. Consequently, it may be 
possible to use the large broadside echo as a basis for discrimination. Tech- 
niques for simulating the broadside echo will be discussed In a later section. 

For other aspect angles, the decoy could appear larger than the bomber. 
In generat, considerable @ priori knowledge is required about the average 
cross section as a function of aspect angle. A further requirement ix knowl- 
edge of the aspect angle which can only be obtained from the track of the 
vehicle and assumptions on the crab angle. 
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Another possible technique ts to identify on the basis of the fluctuations 
in the target echo. The difference in the number of scatterers may appear 
as a difference in the Nuctuations of the target returns, There are a small 
number of scatterers on the decoy in comparison with the assumed large 
number on the bomber, 

If the decoys are equipped with simple corner reflectors, circularly pola- 
rized’ radars are capable of discriminating between the vehicles, The echo 
of a simple corner reflector is circularly polarized ino a direction opposite 
to that of a nermal target echo, This discrimination ts obtained at a loss of 
3 db in the effective radiated power, Techniques exist for “spoiling” the 
corner reflector to reflect both polarizations, 

Another possible discrimination method is based on the variation of radar 
cross section with frequency. As the radar frequeacy is varied, the average 
scattering cross section at a specific aspect angle will vary. ‘This technique 
would employ frequencies which are close to some resonant length of both 
vehicles. Fhus, the returns at two different frequencies can be compared to 
determine the relative slze of the vehicles, 

In conclusion, the most likely methods for target identification can be 
listed in order of relative dinportance. The order represents a consideration 
of both the confidence placed in the Identification technique and the extent 
of the modification of the radar defenses, Kor example, passive detection of 
active simulation equipment can be easily countered by placing simulators 
on tae bombers, 

1, Detection and analysis of unique low frequency simulated echoes, 

2. Analysis of the polarization response of both vehicles, 

$, Detection of Jammer radiations from the bomber. 

4. Determination of the average echo amplitude as a funetlon of aspect 
ungzle, 

5, Examination of differences in the statistics of target echoes, 

G, Analysis of infrared radiations by airborne detectora. 

7, Examination of the r-f frequency dependence of the target echoes. 

Similarly an order of importance can be established for the siniulation 
devices to be carried by the decoy, The order is based on cocsideration of 
the probable ceuater technique and the welght and size penalties Imposed 
on the decoy. For example, consider the problem of aimulating the large 
broadside echo, Et will be shewn that the use of the broadside echo requires 
significant modifications of the enemy defense system. En addition, the size 
penalty on the decoy imposed by large corner reflectors is a major modifica- 
tion of the decoy. Thus, the simulition of broadside echoes rates fairly low 
on the list. 
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1. Simulation of the average radar cross section of the bomber excluding 
the broadside angles 

2. Simulation of the polarization response of the bomber 

3. Simulation of jammers 

4. Simulation of infrared radiation 

5. Simulation of broadside echoes 


20.4 Passive Simulation ef the Radar Cross Sectlor 

he most important problem in simulation is to increase the scattering 
cross section of the decoy to approximate the scattering cross section of the 
bomber. Passive techniques for accumplishing this are considered In this 
secilon. Vie first discuss the application of tuned elements u. i.e decev 
fuselage ior low frequency simulation In the 50-!000 mc range. Then ... 
examine the application of corner reflectors to the high frequency range, 
1000-'0,600 me. In both cases, the study ix limited to the forward and rear 
aspects, The very high back scattering cross section observed at the broad- 
side aspect of the bomber is discussed as a separate topic. Finally, we dis- 
cuss the application of chaff to the decoy problem. 

For s low frequency simulation, a pessibie vechnique is to resonate a part 
of the fuselage by electrically isolating a large section and using lumped 
tuning elements. For the analysis, the scattering cross section is approxi- 
mated by a tuned wire antenna, The basic idea is that the scattering from 
a resonant clement is much greater than that fromm a nonresonant element, 
The procedure is to compare the maximum scattering from an idealized 
tuned element with the scattering cross section of the bomber. Avallable 
experimental data, gathered by model range techniques, yleld values of 


Tass 20-1, Scattering Cross Section of the B-47, B-52 Aircraft at Low 


Frequencies 
Azimuth B-4? B.47 H-82 
Degrees Experimental Theoretical Theoretical 
Wnmic 06 me S28 me 
max min max min max nin 
0-10 65 5 5 5 5 3 
10-20 65 5 5 5 4 i 
20-39 18 £ 10 5 5 1 
30-40 65 5 26 10 1,4U0 t 
40-50 195 5 16 10 10 2 
§0-60 15 5 15 10 10 2 
60-70 § § 30 15 40 3 
70-40 195 § 106 30 140 9 
BO-90 S75 OS 1,000 100 25,000 50 
90-100 900 SO 1,000 120 2§,000 4 
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scattering cross section as a function of aspect angle fer the B-47 at a simu: 
lated frequency of 73 mc (Reference 8). Theoretical values have also been 
computed for a nearby frequency (Reference 9). Table 20-1 shows the 
extreme values of experimental and theoretical cross section « for horizontal 
polarization as observed in 10-degree intervals measured from the nose of the 
aircraft. 

The broadside and maximum seattering from reflecting wires is shown in 
Table 20-11 as a function of the length of the wire in wavelengths (Reference 
10), 


TABLE 20-31, Scattering Cross Section of Wires 


t/a o/ da o/re Angle of 
Wire Length Broadside Maximum Maxlmum 
0.50 01.99 0,99 O° 
1.25 0,09 O15 +. 48° 
1,50 0.87 1.70 + 4g" 
2,00 0.59 2,80 dt: § 5° 
2.50 1.53 
3,00 1.54 
3,80 2.80 
4,00 3.07 


Although these computailons have been carried out for a length to dia- 
meter ratlo of 900, they yleld order of magnitude results which are applicable 
to the present case. For a half-wavelength dipole, which [a the longest dimen- 
slon of the decoy at 70 me, the scattering cross sectlon is about 18 square 
meters, A possible arrangement would be to locate the wire along the edges 
of the delta wing. This arrangement produces a horlzontally polarized 
response which is comparable to the values shown for the aircraft In the 
forward dire. den As the azimuth angle is increased, the scattering from the 
dipole decres.es while the bomber scattering increases, Thus, the sunulation 
is effective only over a resteleted angle ciiead of the decoy. As the frequency 
increases, the decoy elements are longer, In wavelengths, and the scattering 
decreases, For example, from ‘Table 20-i1, it is seen that the scattering from a 
wire adfusted midway between the first and second resonance, (/asc1.25, is 
about ten decibels Jess than the maximum af the hal/wavelength dipole. The 
design procedure would be to adjust the resonant element for best perform. 
anee at the most important frequency at the low end of the frequency band 
iil accept the poorer response at the high end of the band, 

Another possibility is the use of trailing wires ino order to enhance the 
broadside return, Referring to Table 20-1, it is seen that the broadside cross 
section of the wire is orders of magnitude below the broadside scattering of 
the bomber, 
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In conclusion, effective simulation by passive means at lower frequencies 
is limited by the basic fact that a scattering dincar element cannot be made 
to appear arbitrarily larger than It actually is. Subject to the foregoing re- 
strictions, it may be possible to make use of these techniques within a for- 
wurd or rear sector of about 4: 60 degrees. The enhanced scattering cross 
section js primarily horizontal and therefore subject to « relatively simple 
counter technique. in addition, the scattering exbibits an undes! al fre- 
quency dependence. | 

Ai .gher free sclies, 1-10 kme, the scattering cross section ot the bombers 
ln on the orde to 100 square tneters (Reference 9). The dimensions of 
the decoys have veen chosen to accommodate corner reflectors which will 
produce adequate target echoes in this range. 

Corner reflectors consist of three 
mutually perpendicular conducting 
planes, Figure 20-2, The commonly 
used reflectors have circular or trian- 
gular sides. Another type of raciar 
refilector that may be used is the 
Luneberg reflector (Reference 11 
and 12). 

In order to specify a corner refiec- 
tor for the decoy simulation problem 
it Is necessary to have the following 
information. 





Frauas 20-2 Corner reflectors 


1. The relationship between the beck scattering cross section and the 
dimensions of the reflector 

2, The angular dependence of the back scattering cross section for different 
types of vellectors 

3. The response of the refiector to the polarization ¢: — ¢ Incident field 

4. The djuciuation tn the reflected field 

5, Vhe relationship between back scattering cross section and frequency 

The analysis of corner refiectors is based upon geometric optics (Referen- 
ces 7, 13, 14, and 15S). 


For the case of a symmetrical triangular corner reflector, the maximum 
back scattering cross section is given by 


mag — Srl /3X4 (20-1) 


where oy, == Maximum back scattering cross section; the scattering cross 
secllon for an incident ray making equal angles with the In- 
tersections of the planes forming the reflector 
Lenuth of a side 
d Wavelength of radiation. 
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The corresponding selationship for a corner refiector with square sides js 
Cmax V2ml4 /a? (20-2) 


For a corner reflector with sides of circular segments, the scattering is given 
by (Reference 15) 


Omny == 15,5914 /a4 (20-3) 


The scattering cross section of the circular reflector lies between the responses 
of the trlangular and square reflectors, The choice of corner reflector depends 
upon the geometry of the vehicle, the required scattering cross section, and 
the angular dependence of the echo. For example, although the square corner 
reflector ylelds nine times the scattering of the triangular corner reflector, the 
lobe width of the square reflector is narrower than that of the triangular re- 
flector, 

The back scattering equations are based upon the assumption that the 
corner reflector can be represented by an equivalent uniformly illuminated 
aperture, This idea is valid when //A is much greater than unity. When the 
dimensions of the corner approach a wavelength, the scattering is no longer 
wo monetonle funetion but exhibits variations In scattering cross section about 
some average Value, 

The Luneberg reflector has also been suggested for this application (Re- 
ference 12). This device consists of a plastic sphere with variable index of 
refraction, coated over a hemisphere with reflecting material. The incident 
rays focus on.the reflecting surface and exit the reflector in the same direc- 
tion, The maximum scattering cross section is given by 


Oman == 4/5 (20-4) 


where / is the radius of the sphere, Although the lobe width of the Luneberg 
refiector is significantly greater than the circular corner, it occuples too much 
volume and is not usable for storing fuel during the early portions of the 
Night. In view of this, the Luneberg reflecter is unsuitable for this applica- 
thon, 

The angular dependence of the back scattering is calculated front the 
“Jobe wiath" of the reflector, The lobe width is defined as follows: Corsider 
uecorner reflector Hluminated 'y a monostatic radar Along the symmetrical 
axis, the measured cross section is a maximum. Rotate the reflector until 
the cross section is one-half the maximum value. Twice the angle of rotation 
is defined as the lobe width of the reflectar. 

Kor a triangular corner, the lobe width can be calculated from (Reference 
13) 
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o/Omay == (1-—-0.00076 ©7232) for © 36 (20-5) 
For a square corner, the ccrresponding equation {s 
O/Oway = (170.0274 0)? for & 5 307 (20-6) 


A graph of ¢/omay as a function of @ is shown In Figure 20-3. The circular 
corner reflector exhibits an angular 
dependence sumewhere between these 
two extremes. For the triangular cor- 
ner, the lobe width Is 42 degrees 
whereas the square corner lobe width 
is 20 degrees. 

The polarization of the reflect: 
field is determined from the boundary 
conditions of a perfect conductor, For 
the case of triple reflection, the 
polarization response of the corner is 
the same as the response of a flat 
conducting sheet, Since the response of 
the corser reflector to circular polar- 
ization Is well defined In contrast to 
the scattering from the bomber, a 
proper choice of radar receiver polar- 
ization will eliminate the decoy echo. 

a \eeyroen) A possible way to Increase the cross 

FIGURE 20-5 Scattering cross section ver- Holarized component ts to replace a 

sua deviation from rymmetrical axle ian on one wail with a wire grid 

(Reference 1). Another possibility is to replace a wall of the reflector with 

a diclectric sheet (Reference 7). since there Is no phase reversal from the 

alr-dielectric interface, the recelved polarization will not exhibit a reversal 
of the sense of polarization of the circularly polarized wave. 

A single corner reflector exhibits very little Nuctuation owing to the broad, 
smooth reflecting characteristics, However, fluctuation may be Introduced In 
a number of ways. The most promising Is to uillize the effects of a number 
of corner reflectors mounted on the vehicle, For 10 reflecturs spaced 2 feet 
apart and operating at S-band, the total angular width between the first 
zeros on each side of the principal maximum [8 0.16 degrees, This fine struc: 
ture combined with the expected small random motion of the vehicle may 
produce an observed fluctuation comparable fo the bomber fluctuation. 

The frequency dependence of the scattering cross section can be deter: 
mined from inspection of Eq (20-1) and (20-2). The response of the re: 








J 
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fiector varles as the square of the frequency. Thus, the response at X-band 
will be nine times the response at S-band. The difference could be employed 
as a basis for discriminating between the vehicles. A promising way to “flat- 
ten” the respuiise of the corner reflector is to introduce errors into the angles 
of the corners which compensates for the rising frequency characteristic 
(Reference 13). If the angles differ from 90 degrees, the response of the 
corner reflector is reduced. Let AA represent the erroz in wavelengths of each 
edge of the corner reflector. The reduction in scattering cross section is shown 
in Table 20-111. 


Tasty 20¢fH. Scattering Cross Section as a Function of Error Angle 
Decibel Reduction 


“tdb 3 db 10 db 
Square Corner Ax 0.140 0.24r 0,44) 
Triangular Corner QO = 0.200 0.35A O.02A 


Thus as 4 is decreased, the error in wavelengths Is increased, and the 
response fs decreased. This result 
ls shown In Figure 20-4 for two 
error angles. The curve with the 
S-deyree error was plotted by 
choosing a |-db reduction at 2,000 
mc. The 1.9-degree etror curve wes 
plotted by choosing a 10-db reduc- 
tlon at 10,000 me. 


20.5 Broadside Echoes 

The foregoing discusslos excluded 
the large broad side echoes. It has 
been suggesied that « possible way 





Mini Heal of distinguishing, between decoys 
Pictne 20-4 Hroadband reapons’ Venue and bombers iy an the basis of their 
eneenty echoes. 


Informatio: on the broadside returns of B-47 alrcraft (References 8 and 
9) indicate maximun: cross-sections from '.5 & 10% to $ x 10° square 
meters. The lobe width, Ay, is arbitrarily defined as the angle over walchk 
the scattering exceeds 1 x 10" square meters. The average lobe width (Re- 
ference 9) is on the order of 10 degrees, 

To obtain an estimate of the importance of observation by the defense of 
the broadside aspect, the following assumptions are made. 

1, The alrcraft and radars are in the same plane. 

2. The radars are arranged in an infinite rectangular lattice wits spacing 
So between adjacent radars, 
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3. The aircraft are flying a straight Hine path chosen at random through 
the radar network. 

The geometry of the problem is 
shown [in Figure 20-5. As the alr- 
craft fles through the lattice, the 

+ broadside lobe “covers” different redar 
sites. When the radar is within the 
lobe, the aircraft is vlewed at the 

wee broad ide angle. The time of observa- 

tion of broadside aspects. is propor: 
~ tional to the lengths of Unes con- 
A _- us tulned within the lobes after the air- 
ia craft have traversed a number of 

't ne hey o* radars, For example, £’4, 2:5, 1’5, and 

L’y, are proportional to the observa- 
Ficvrn 20-5 Geometry of broadslde echo tion time of the broadside angle by 
ee the radars 4,8, C, 2. 
The total time of observation of all aspects {s proportional ta La fo Ly 1 
Le ct Ly. The fraction of the flight time fn going from Py to 2 is 





Wopet oe : ‘ = L’ 4 +h,’ 4 el ted.’ : 
Fractional Time of Observailon = Tonle ket Le (20-6) 


For a small number of radars, this ratlo depends upon the choice of flight 
path. A solution can be found for an Infinite number of radars by mapping 
the entire lattice and Hnes into an clementary square, ABCD (Reference 2, 
Part if), 

The broadside lobes are mapped onto the radar sites at the corners of the 
square, Figure 20-0, The conclusion drawn from the analysis is given by 


- Area of Lobes Inside Square 


~ Area of Square ie 


Fractlonal ‘Time of Observation - 


As the stope of the fight path is 

oF changed, the lobes rotate about the 
corners of the square, but the total 
lobe area contained within the square 
is constant. The lobe ix assumed to be 
aw sector of a circle of radius #& and 
angular width/\y. With these simpli- 
fying assumptions, the fractional time 

Figen 20-6 Heowdaide echo analy ais af observation is given by 
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Fractional Time of Observation = R* Ay/Sy? (20-8) 


Since the broadside echo area is very large, RK is chosen as line-of-alyht for 
an aircraft at an altitude of 40,000 feet. The results of this anulysis are 
shown in Figure 20-7 which is a plot of Eq (20-8) for different values of 

Ay «3 a function of radar spaclag. To check 
the results of an Infinite lattice analysis 
against a finite lattice, a geometric model 
was constructed, a random flight path chosen, 
and the line lengths nieasured, The measured 
value is also shown in Figure 20-7. For a 
corridor of length 1000 miles with radar 
spacings of !70 miies, the fractional time 





Citence between radar (8 that the aircraft is observed at broadside 
Fiuuan 20-7 Fraction of filght angles fs about 40 percent. The conclusion 
Hine veraus radar spacing is that, {t is possible in principie, to dis- 


tinguiah between the two vehicles on the basis of the broadside echo. 

Another question which should be answered before considering the actual 
simu'stion devices Is the minimum elevation angie required for tactically 
useful simulation. The minimum elevation angle ia related to the fraction of 
the aircraft that pass within a specified range of the radar site. Consider a 
single radar with a maximum range represented by a circle of radius Ro. 
Assuine that any straight track at a given slope is equally likely. If the 
spacing between parallel tracks is denoted by AS, the number of tracks 
that pass within a distance S from the radar is given by 


m = 2S/AS (20-9) 


The total number of tracks that pass through a radar with range Ry Is 
given by 


N = Ry/AS (20-16) 


The fraction of the total number of tracks that pass within a distance S§ 
from the radar ts then 


m/N == §/Ro (26-11) 


For the multiple radar case the fraction increases. Assume a rectangular lat- 
thee of radars spaced & niiles apart. A corridor, C miles wide, is chosen at 
random and directed toward the target. Let 


SS A oy Ss 
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AS 


Spacing of tracks which are equally distributed throughout the 
corridcr 

A chosen radins 

Radius of the maximum range of the Ath radar 

Overlap of S, on the corridor 

Overlap of s, on the corridor 

P Total number of radars observing the corridor. 


Then the number of aircraft that pass within a circle of radius s, is 4/AS. 
The number within the survelllance range of the 4th radar Is £,/AS. The 
fraction of the total number of tracks that fail within circles of radius s, Is 


Ls 
Hou wou 


P 
m/N = » bE bs (20-12) 


The answer was obtained by graphical construction and [s shown in Figure 

20-8." For each assumed ground range and altitude, the elevation angle can 

be determined, In this manner 

‘ Hela re it is possible to obtain an estimate 

+] of the minimum clevation angle 

att -+tLtt1] corresponding to a given percent- 

a on - A 7 f age of alt.raft which are per- 
A me | | TTT mitted to be identified. 


For an elevation angle of 10 to 


ok 
Yi “fede fonge”—Dneel wiles 15 degrees, about 15 percent of 
is eo teniecoan Saal ree the attacking force will exhibit 


= Le chee 


4 


Peerage of exe = i 


Corridar length 1000 neui mites 
greater elevation angiea and may 
be identified. Consequently, the 
simulation device is required to 
Ficurx 20-5 Percentage of aircraft which possess a vertical tobe width of 
pass closer to the radar than the abacinan 
about 10 to 15 degrees. 

The methods for increasing the broadside ecnolng grea are both passive and 
active, Three passive methods for Increasing the broadside area have been 
considered; triple corner reflectors, fiat sheets, and double corner reflectors 
The firat technique is discarded due to the le.,e size required to exhibit the 
large required scattering. The second method produces the required echo area 
but the Jobe is much too narrow, The double corner appears to be the most 
promising passive technique. The masimum scattering cross section of the 
double corner {s given by 


Ground range (nuul miles) 


*The consiruction leading to Figure 20-8 ix of considerable use in Jamming problems, Ht 
ylelda a relationship for the fraction of afreraft faillny within a given breakthrough 
ratixe, 


4 


an es 


Na 
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Omaz == (8r/A*) (UL)* (20-13) 


where / is the length of the corner and Z is the length of a side. For L 
about 0.3 meters, and / about 7 meters, the scattering cross section is 1 x 
10° square meters at X-band and 8 & 10* square meters at S-band. Thus a 
double corner fulfills the requirement for scattering cross section. The re- 
flector must also present this cross section over the aspect angles comparable 
to the bomber. The double corner, with the long dimension paraiiel to the 
principal axis cf the vehicle, exhibits a very large clevation icbe width and a 
small azimuthal lobe width. The elevation lobe width fs approximately 60 
degrees. The azimuthal lobe width In radians is given by 


W == 0.91 (A/2) (20-14) 


For a double corner, seven meters In length, the azimuthal lobe width is 
ubout .08 degrees. This value is much too small to be useful. To obtain a 
2C-degree lobe width at S-band requires a length of about 0.23 meters. At 
X-band the lobe width would be about 7 degrees. A possible design would 
consist of an array of corner reflectors on each side of the aircraft. 

The principal disadvantage of the double corners would be the increased 
apacé occupied by the reflectors, Although passive methods appear promising 
for slinulating the broadside echcing urea, the possibility of an active simula- 
tion technique has alsu been investigated. The active techniques are con- 
sidered In Section 20.6. 

Another technique for preventing the identification of decoys {is to utilize 
the obscuring effect of chaff. Chaif may be particularly valuable for thia pur- 
pose In the frequency spectrum below 1000 mc, where it may be difficult to 
confuse the radar identity of decoys and bombers, The effectiveness of chaff 
is analyzed for the specific case in which the decoy acattering is less than tne 
bomber scattering. 

The aspect of chaff sowing that is unique to the decoy problem occurs 
when the density of the chaff is so light that some of the bombers and some 
af the decoys may be observed. The amount of chaff necessary to prevent the 
enemy from detecting the aircraft can be calculated by assuming that the 
chaff return ja indistlnguisheble from the receiver nolse. The method is based 
upon the relationship between the blip to scan ratio and the signal to nolse 
ratio, (References 16, 17, and 18). This relationship is shown In Figure 20-9, 
The assumed probabliity density for the Input signal to noise ratio is 


j * 
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Fiourr 20-9 Blip scan ratio versus signal to nolse for ten 
hits on a fluctuating target 


where X is the input signa! to noise ratio, and X js the average of X over all 
target fluctuations. 

Since the return from chaff Is added to the reflected signal from the air- 
crait the présence of chaff decreases the signal to noise ratio. Thus, the sow- 
ing of chaff to conceal an aircraft reduces the blip to scan ratio, For example, 
if the signal to nolse ratio ia 20 db for the aircraft alone, the blip to scan 
ratlo would be 98.2 percent. Assuming that the echoing area of the decoy is 
10 db less than the echoing crea of the bomber, the signal to nolse ratio of the 
decoy would be 10 db. This corresponds to a blip to scan ratio of 80 percent. 
Both targets would be detected at this ratio. If a moderate amount of chaff 
is sown, the signal to noise ratio for both targets would deteriorate. Assuming 
that the chaff reduces the signal to noise ratio of the bomber to 10 db, the 
blip to scan ratlo of the bomber becomes 80 percent. The same amount of 
chaff reduces the biip to scan ratlo of the decoy from 80 to 15 percent and 
the decoy may not be detected. Thus, if the decoy echoing area is less than 
that of the bomber, a few of the bombers may not be detected, but a larger 
number of the decoys may also escape detection. Although e light sowing of 
chaff reduces the dilution of the defenses by the decoys, some of the bombers 
will not be observed. Thus the net effectiveness of the niisston may still be 
increased by the use of chaff. 


20.6 Active Simulation of Alzhornes Targets 
In the previous discussion it was concluded that the passive techniques 
were adequate fur the higher frequencies. The crossover point between high 
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and low frequencies is arbitrarily chosen at 1000 mc pending fuil scale mode! 
tests. In the frequency range between 50 and 1000 mc, tne tuned fuselage 
techniques were shown to be adequate for forward aspects but too low for 
other aspects. What Is required for simulation in the low frequency ‘egisn {s 
a device which would broadcast signals sufficiently similar to the bomber 
echo to prevent identification. If the transmitted sivnals were distinctly 
different from the skin echo, they would form the basis for discrimination. 
In this case, the device would be mounted on beth the bomber and the decoy. 
In this section, it is assumed that the skin return of the bomber [Is about 
ten times the skin return of the decoy. 

A number of active simulation devices have been studied for this problem. 
Among them are straight through repeaters, gated repeaters, swept oscillator 
transponders, and pulse barrage transponders, The ideal device would be an 
amplifier which would broadcast the recelved pulse ai a higher amplitude 
without distinctive characteristics, A system which fulfills these conditions 
is a stralght through repeater. When there {s sufficient isolation between the 
recelving and transmitting antennas no oscillations take place. The criteria 
for sufficient isolation depend upon the characteristics of the amplifier, the 
geometry of the system, and the gain pattern of the antennas. To prevent 
large fluctuations In output power, It is desirable to keep the leakage signal 
small with respect to the received rader pulse, Ancther effect of excessive 
coupling is lengthening of the trailing edge of the radar pulse. This lengthen- 
ing is on the order of the delay of the amplifier for small leakage. For larger 
coupling, the trailing edge may be lengthened by several times the delay of 
the amplifier. 

The required gain of the repeater is calculated for the case in which the 
coupling between the antennas {fs neglected, For adequate simulation, the 
received power at the radar from the repeater is equal to the received power 
from the skin of the bomber. If A’ Is the gain of the system, between the two 
antennas, and G, is the gain of the repeater antenna, the system gain is 
uiven by 


K! = 4n0/d4G,4 (20-15) 


The power vutput of the repeater consists of both the amplified energy from 
the radar, and the amplified eneruy due io antenna coupling. The power 7, 
delivered to the transmitting antenna, is given by 


"Op ye iC >G, ei® 
p, a, KGaA (4a P.Ge pote 


(4x)? R} ga 
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where W Is the power transmitted by the radar, G, is the maximum antenna 
gain of the radar, a Js the separation between the repeater antennas, and > 
is an arbitrary phase angle depending upon system delay and antenna separa- 
tlon. From the previous condition fer adequate simulation, the amplifier 
gain js given by 


_ __ 478 / GAP 20-17 
EG kel See 


Another way of stating the simulation condition is that the beam power of 
the repeater !s ecjual to the scattered power from the bomber, or 


PG, == WG, /4nR? (20-18) 


The previous results hold only for the case of two Inotropic antennas, For the 
nonisotropic case, let G,{6,) be the antenna gain in the direction of the radar 
and G,(6,) be the antenna gain along the line Joining the two repeater an- 
tennas. The amplifier gain for this case is 


I Ams /G,*(0,) 


R= ht TH (o/4eady 1626) 7G2(6,) 


(20-19) 
The system gain K’ js the ratlo of the power detivered to the transmitting 
antenna, to the power at the Input terminals of the receiver, 


K 


R= T= [KG 20) A287 (hee) | 


(20-20) 


Reasonable values for the amplifier gain can now be calculated. Since there 
is no control over the phase term, ¢/, let this term be unity, Tu prevent 
osciilation,® let 


KG,7(8,) 0° 


27% 4 
(4naye SI anny 


or 
KAI 


*The atralght through repeater analysis differs fram the usual feedback analysis where 
the factor AA le chosen greater than unity to atabliize the system. In the repeater, dis 
wa rapidly varying functlon of frequency and the unty way to insure stability is to recquire 
that Ap be less than unity, Wf Ag < 1/5, the maximum fluctuations of amplitude due to 
the phase term ts $ db, 
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where 
B = G,* (8,) 4° / (4na)8 
The maximum scattering cross section that can be simulated is calculaied 
with the ald of Eq (20-21). Since the requirement of stability implies that 
KasK’, Eq (20-15) is substituted for K in Eq (20-21) and the 1/3 criterion 
is applied. Therefore, for stable operation, 


> Ou G,* (6,) < (20-22) 
4rai «G4 (6,) 

The equality sign is used to calculate the maximum scattering cross section 

which can be simulated. Tne maximum scattering cross section is shown In 

Figure 20-10 as a function of the 


EEE i separation of the repeater anten- 
th nes and the ratio of the gains. 
fl HZ Ei The stability criterion depends 


, iy upon the Inverse re:ationship be- 

fe ATi) tween the gain of the amplifier 

Fi 5 . t 

ii D, ia Ch a and the square of the way elength 

assuming that the antenna gain is 

+4 AT ath constant, Eq. (40-15). For short 

, ’ +1 dipoles, the antennas galn {fs con- 

stant and the ampiifier should be 

designed with an appropriate fil- 
ter, 

The stability criterion, Eq (20- 
22), also depends inversely on the 
spacing between the antennas, c, 
and the ratio of the antenna 
gains. Since the dimensions of the 
decoy are fixed, there will be 
Fiouny 20-10 Maximum cross section ver- some minimum frequency at 

ee roMLVE mantonne ‘get which the repeater will oscillate. 
lor operation delow the oscillation frequency, other active simulation de- 
vices are required. These consist of gated repeaters, swept oscillator trans- 
ponders, and pulse barrage transponders, 

A block diagram of a gated repeater is shown in Figure 20-11. The gating 
circult supplies a rectangular gasing pulse to the receiving ampilfier In the 
sequence ON-OFF. A gating pulse fs also applied to the transmitter in the 
sequence OFF-ON. The received energy, amplified during the ON time, 
charges the delay line, Assuming that the radar pulse is much longer than 
the wating period, the output of the delay Hine is a train of short pulses with 
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an over-all jength approximately equal to 
the radar pulse length. The delay I{s ad- 
nag 7 Justed to one-half the vepetition period of 
| the gating pulse. Thus, during the receiver 


ON time, the delay line stores the received 


we energy. During the receiver OFF time, cor- 

aa responding to the transmitter ON time, the 

———{_ baer a energy stored In the delay line fs trans- 
mitted. Tf. delay time is greater or equal 

Ficure 20-11 Block diagram of &® 16 the \ ie of the gaie cycle, and less 


gated repeater than the total gate period, the receiver Is 


never ON at the same time as the amplifier. Consequently, the sys- 
tem cannot oscillate. Thus, the gated repeater quantizes the redar pulse 
and transmits an enhanced version of the recelved pulse. The length of the 
transmitted pulse train can at most differ from the radar pulse length by a 
gite period. It will approach the radar pulse length as the gating period Is 
reduced. 

A preliminary step to the system design of the gated repeater is to deter- 
mine how the radar receiver responds to the pulse train. It is necessary to 
determine the output pulse shape at the radar, the reduction in amplitude 
caused by the gating operation, and the factors affecting the choice of the 
gating period and duty cycle. 

The output of the repeater can be expressed by 


f(t) = a cos wit for T;<t<Ty, TrSt<Ty 1. Tr St<Tn (20-23) 
= 0 for (<7, (ST, .. tT, 


Equation (20-23) represents a series of pulses with a carrler frequency of 
wy. If wy is the frequency of the local oscillator in the radar receiver, the 
input to the i-f Alter Is given by 


f(t) = Re exp i(uy — wy)é te exp Kay 4 oy)t] (20624) 


An approximate result is obtained for a flat-topped rectangular filter with 
bandwidth &, For a repeater duty factor of 1/2, this is given by 


2N 2 
Fis) = * S Six — kb] — Silex — (k 4 1)0) (20-25) 
ae UY 


where x <= wht and @ = rKT, N = number of pulses in the pulse train 
and p =: 0,1,2,3,.... 7 is the ON time of the pulse In the pulse train. 
Equation (2C-25) represeuts the output pulse shape at the radar. For ex- 
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umple, consider a 5-usec radar pulse with a radar receiver passband of 
280 kc. In this case, > fs (5/4)7, and the output pulse shape ts shown In 
Figure 20-12, The response of the radar to five 0.5-zsec pulses {s also shown. 
The shape of the response of the filter is approximately the same for both 
the radar pulse and the repeater simulated pulse. If the radar passband is 
increased beyond the optimum value cf (5/4), the individual gating pulses 
are resolved. For example, Figure 20-13 shows the response when two 0.5- 
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Frotun 20-12 Output pulse shape for Frater 20-15 Output pulse shape = for 
Kated repeater (optimum bandwidth) wated repeater (large bandwidth) 


asec pulses are applied to a receiver with a bandwidth of 2.5 me. This result 
suggests an attractive countermeasure against the gated repeater: a wide- 
band auxiliary receiver with a pulsewidth discriminator could be employed 
to detect the presence of gated repeater transmissions, Discrimination 
against ¢ gated repeater is elso possible on the basis of its distinctive puise 
spectrum, 

The next problem Is to conipute the reduction in amplitude caused by the 
gating of the radar pulse. For example, Figure 20-12 shows that the ampli- 
tude is reduced by a factor of 2 for a duty cycie o. one-Kelf, The problem 
can be analyzed for a range of duty cycles and pulsewidths by determining 
the energy In the pulse train as compared to the energy In the original radar 
pulse at the output terminals of the filler. The energy loss ratio fs given by 


Gu/ fh, Cae (3/8) NBT (20-26) 


fer the parameters in the region of NBT = 1/2. Equation (20-26) repre- 
gents the loss introduced by the gating operation. This result was obtained 
by Fourler transform methods followed by graphical integration of the resul- 
tant energy expressions, 
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The choice of gate period docs not effect the filter loss. If r is the total 
length of the radar puise, and D is the duty factor of the gate cycle, 


NT = cD (20-27) 


As the gate perlod is changed, D Is constant, and the product V7' Is constant 
for a specific radar, Thus BNT is unchanged and the energy loss is constant. 

An Inspection of the block diagram, Figure 20-11, suggests thai a saving In 
weight and power can be gained by reducing the gate period to a small value. 
A shorter delay line would occupy less volume and introduce less loss into 
the system. However, a reduction In gate period Increases the complexity of 
the gate generator. Thus there is some optimum gate period representing a 
compromise between the reduction in delay line losses and increased com- 
plexity of the gate generatcr. 

Another factor that affects the energy loss and the design of the gated 
repeater is the loss introduced by smaller duty factors. Once again the design 
's a compromise, If the amplifier benefits from small duty cycle operation, 
then a reduction in auty cycle implies a reduction In weight of the power 
supplics. However, {f J Is reduced, AZ is reduced, and the energy loss 
increases us NT. 

The next problem that underlies the design of all gated repenters is to 
determine the gain, maximum power output, and dynamic range of the 
amplifiers, The over-all system gain of the gated repeater is the same as the 
required gain of the straight through repeater rnodified by the gating loss, 
The maximum power of the repeater, at some mininum range R,, Is given 
by Eq (20-18). For ranges less than the minimum, assume that the ampli- 
fers are so limited that the output power of the repeater fs too low for ade- 
quate simulation. Thus, for ranges less than the minimum, the defense can 
identify the vehicle as a decoy. The problem of minimum range can then be 
restated In terms of how many decoy vehicles are permitted to be identified 
without excessively reducing the effectiveness of the strike, An estimate of 
the minimum range can be obtained by means of Figure 20-8 which is a 
graph of the fraction of aircraft that pass closer to the radar than at a 
specified range. [f 10 to 20 percent of the decuys can be permitted to be 
identified, the minimum range is about 25 miles. Assuming, for the low 
frequency region, an echo area of 50 square meters, a radar of 100 kw, with 
an antenna gain of 20 db, and a repeater antenna gain of unity, then a 
maximum power of 025 waits or {4 ddim is required of the repeater. This 
nes Ser is not, however, the output power from the transmitting ampilfier. 
This value must be adjusted for the loss due to gating, and the antenna loss, 
A more reasonable estimate of the maximum output power of the transmit- 
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ting amplifier is about 0.2 watts. Low output power is characteristic ef all 
simulation devices in contrast with Jammers., 

If the gated repeater is considered for simulating the broadside echo, the 
nuinimum required power can be calculated by means of Eq (20-18). For the 
same ininimu: range and an echo area of 1000 square meters, the maximum 
output power is 4 watts. This figure should be reduced by the gain of the 
directive antennas employed for simulating the broadside angle. 

The dynamic range requirement is also not very severe. If it is desired that 
the repeater operate over a range of from 10 to 250 miles, the required 
dynamic range is about 27 db. 

Since the decoy aircraft will fly elther intermingled with the bombers or 
on a separate Might, thelr spacing will be on the order of 5 tc 10 miles. It is 
therefore necessary to examine the possibility of a repeater Interacting with 
an adjacent repeater and producing sustained oscillation between the two 
devices, The Interaction range A, is defined as the range at which the gain 
of the repeater is equal to the transmission losses. Oscfilation will occur for 
any smaller range. The interactlon rarge is calculated from the free space 
transmission formulas and it can be shown that the interaction range Is 
Kiven by 


R, =4/ K’ (G,A/4q) (20-28) 


for identical repeaters. The maxinvum value of K’ occurs at the highest oper- 
ating frequency. For a frequency of 1000 mc, un echo area of SO square 
meters, aind an antenna gain of unity, the system gain is 38.5 db. If an ex- 
treme case of antenna orientation is assumed, G, = 20 db, the interaction 
range is 640 feet. This small range does not present any problems of inter- 
action for the decoy repeater. 

The mintmum altitude at which the repeater can operate without oscilla- 
tion ds deterndned by assuming that the repeater is above a plane corducting 
earth and that there is an image repeater equidistant on the opposite side of 
the plane, The minimum altitude is one-half the interaction range, 320 feet. 

The last problem to be discussed before examples of specific systems are 
described is the behavior of the repeater in the presence of expected signal 
densities. The repeater will ordinarily respond to all radiation within its 
frequency band. The amplifiers may overload or limit if the sum of the 
retransmitted signal power exceeds the capacity of the amplifier, It may thus 
he necessary to increase the power handling capacity of the amplifier, It fs 
eapected that the repeater will not be required to simulate more than two 
signals at the maximum power level, and consequently the increase in. ca- 
pacity may be only 3 decibels, 
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Another aspect of this problem is the fact that the repeater will amplify 
all low level signals and the sum of these low level signals may exceed the 
capacity of the amplifier. This effect may be reduced by noting that the 
extraneous signals are all lower than the main beam radiation of the radar. 
To reduce the response to the undesired traffic, a threshol'! device can be 
inserted at the output of the receiving amplifier. The threshold detector 
operates by turning on the transmitting amplifier whenever the received 
signal excseds a specified level. Thus the system will only repeat the radia- 
tion from the main beam of the racar. 

The previously discussed sysiems operate on the repeater principle. It Is 
possible, however, to devise transponders which will also simulate the 
bomber, Two systems have been analyzed, the swept oscillator transponder 
and the pulse barrage transponder, 

The principle of the swept oscillator transponder Is to use the received 
pulse to trigger a sweep generator which rapidly tunes the oscillator through- 
out the frequency band. The swept oscillator produces an output pulse on the 
radar screen which resembles a large turget. Since the allowable delay be- 
tween reception and transmission ia only a fraction of the pulsewidth, a fast 
tuning oscillator is required. 

The decoy transponder is much simpler than systems employing voltage 
tunable tubes for false target operation or range gate deception, since pro- 
gramming is not required for decoy simulation. 

Assuming that the sweeping action reduces the required power by a factor 
QO, the required output power /,; in the passband of the radar receiver Is 
given vy 


P, = QP, G, 0/42 R* G, (20-29) 


where /’, is the power ortput of the radar (100 kw), G, is the gain of the 
redar antenna (20 db), u is the scattering cross section of the bomber (50 
square meters), R is the range (170 miles), and G, is the gain of the repeater 
antenna (unity). Under these conditions, the power required of the trans- 
ponder is about 0.05 watts for QO == 1 

The degradation factor O can be calculated from the relationship between 
the magnitude and duration of the output pulse at the defense radar, and 
the characteristics of the sweeping signal, 

An analysis of the swept oscillator transponder demonstrates that ji is a 
feasible means of simulating the bomber, The principal disadvantage is the 
ease with which the swept oscillator transponder could be countered, A simple 
technique would be to detune the radar receiver. All ihe pulses that appear 
are therefore decoys, Another possibility is to use an auxiliary receiver, tuned 
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to an adjacent frequency, to “blank” the decoy targets. The counter--ounter- 
measure is to require the same transponder on both bombers and decoys. 

The pulse barrage transponder operates by using the recelved radar pulse 
to trigger a broadband nolse source. When a radar pulse of sufficient miagni- 
tude is recelved, a burst of nose is transmitted on all frequencies in the 
band. Che Integration of a PPL display masks the nolsy characteristic of the 
signal, An experiment was wadertaken to determine how much nolse should 
be added to the skin echo of the decoy to confuse the operator. Two pulses 
were presented to an operator on a PPI display. The bomber pulse tevel was 
set 10 db greater than tne decoy pulse. Both targets were presented to the 
operator at different locations, and the operator was asked to decide which 
turget was the bomber, Nolse bursts were then Introduced Into the system 
in colncidence with both target pulses. The nolse bursts were adjusted to tne 
same Jength as the target pulses, The noise power was increased until the 
identification error of the operator approached 50 percent. The resulting 
ratho of rms nolse power to the peak bomber power wae 20 db. The results 
Of this simpiified experiment were considered teu hign since the nuise con- 
tribution of the receiver and the fluctuation of the target were ignored. As- 
suming & ratio of rms noise power to peak bomber power of NV, the required 
output power /’, in the paashand of the receiver, is given by Eq (20-29) with 
Q replaced by ¥V. For the radar characteristics {Illustrating Eq. (20-29) anda 
receiver bandwidth of 250 kc, the required power denalty fs 0.2 watts /me., 
When the additonal factors of recelver noise, target fluctuation, and asnect 
wugle are considered, the required power density is probably less by at least 
an order of magnitude, 0.02 watts/me. 

Another problem associated with the use of transponders for decoy simula- 
tion, is the variation in range at which the transponder commences operating. 
The received power at the transponder is a function of the transponder an- 
tenna gain as well as the range from the radar, Since the threshold at which 
the transponder commences operation is preset, the range at which the decoy 
first appears upon the PPL will depend upon the aspect angle of the decoy. 
Compression circuits are required in the transponder to insure that the trans- 
ponder commences operiion at the desired range without too much variation, 

Since the length of the output pulse of the transponder is fixed, it. Is 
therefore subject to simple counter techniques. Although variable puise 
length clreulis were considered, these circuits require extensive receiver aid 
programmer developments. With fixed puise length operation, transponders 
must be mounted on both bomber and decoy. Another najor difficulty is the 
weight and oower requirements for a unit covering the 50 to 300-mc band, 


20.7 Snfrared Simulation 
Since the problem of tdentifying decoys and bombers by TR is uniquely 
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different from the electronic problem, this aspect ef simulation js discussed 
separately, 

The defense mode! consists of a large IR search system and surveillance 
radar carried in a high altitude aircraft which relays target information io 
the ground. ‘The basis for identification ts the amount ef IR radiation pro- 
duced in the wavelength band of the detector. The identification can be per- 
formed by measuring the FR radiation as a function of range and aspect 
angle. 

The expected range at which the decoy could be detected is based upon 
the test results which indicate a Z00-mile range for a fighter which radiates 
120 watta per steradian at the tall aspect in the 2 to 3 micron region (Re- 
ference 2). This range Is optimistic since atmospheric attenuation and sky 
nolse were neglected. 

A reasonable assumption concerning the magnitude of the radiation Is 
that the IR radiation is roughly proportional to the fuel consumption for 
similar operating temperatures and efficiencies. ‘Thus a bomber can be ex- 
pected to radiate 25 times as much IR energy aa the decoy. The range at 
which the decoy Is first observed would then be about one third to one fifth 
the detection range of the bomber at the same aspect, The difference ja the 
detection range or break-in range can be used as a basis for discrimination. 
As the vehicle approaches the detector, the small forward radiation Inilts 
the detection range to 30 to 40 miles for the bomber and § to 10 miles for 
the decoys. As turgets pass the search plane, the rear aspects allow much 
larger detection ranges, 

It is unlikely that an examination of the spectral distribution of the 
sources will ylekd useful information, since both engines wili burn aT 
iucls at the same temperatures. Thus, the most attractive IR basis so. cis- 
crimination is the amount of ER energy rasilated by the vehicles, 

Mf ft ds expected that the enemy will use IR detectlon devices for discrim- 
ination, It is possible to place a hot body on the decoy to approximate the 
IR radiated by the bomber. The problem ia te design a seurce which ts 
small, light, efficlent and spectrally indistinguishable fron the bomber. 

To obtain the desired output, a soul source must be operated at) high 
temperature, and vice versa. But a high temperature source will exhibit: a 
markedly different spectral distribution than a low tenperature source. This 
difference is, in) principle, sufficient to allow discrimination between 4 
simulated TR radiation and the radiation from the bomber. 

The most convenient source of energy for the simulated EI source bs jet 
engine fuel. The flame may not be visible, but can be used to heat a high 
emissivity radiating surface such as oxidized stainless steel with an emissivity 
of 0.9, This will insure that much of the radiation will be greybody emission 
instead of band emission. “The hot exhaust gases will give seme band emission, 
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The size of the radiating area will depend on the desired output and oper- 
ating temperature. Measurements of the power radiated by large bumbers 
indicate about 600 watts per steradian in the 2 to 2.7-micron band, while 
the 8-47 emits about 200 watts per steradian under the same conditions 
(Reference 19), These results were obtained at cruising speeds with tail 
pipe temperatures in the nelghbornood of 406° C. 

The fuel requirements depend strongly upon the c‘ficiency with which 
thermal energy can be converted into radiant energy. Assuming an efficiency 
of 10 percent and that the total radiated power is w times the power radiated 
per sterudian along the tail axis, the required weight of fuel per heur to 
sunulate a B-52 Is 30 lb/hr for the 2 to 2.7-micron band and 280 lb/hr for 
the 2 to S-micron band. It fs also assumed that 15 percent of the received 
radiation is effective in producing a signa! in the detector and that a hydro- 
carbon fuel Ilberating sbout 15,000 BTU/Ib Is used. 


20.8 Conclusion 

To conclude this chapter on decoy simulation, we shall summarize the 
relationship between identification methods and simulation techniques, and 
compare the decoy with another device for diluting the defense. 

It is assumed that the decoy carries simulation equipment which Is ade- 
quate against the simplest technique of Identification; the break-in range. 
The various methods for identifying the decoys are summarized In Table 20-1V, 
The top row is a list of different methods for identifying decoy targets, ‘The 
left column fs a list of techniques which can be used to counter the Identi- 
fication methods. The pairing ot an {identification method and a counter 
technique is Indicated, For exampic, a possible counter technique {s an 
examination of the fluctuations of target echoes. This method can be coun- 
tered by applying noise modulation to the repeater. in this manner, for each 
Identification method, a counter technique exists to null the effectiveness of 
the method. 

Decoy afreraft, employed (o saturate the defenses, are often compared with 
false target generators, These devices place false targets on defense radars by 
purely electronic means. Although both technicues accomplish the same result 
they differ in the confidence ascribed to the countermeasure. In the case of 
fulxe target generators, there are simple modifications of existing radars 
which blank out the false targets. The fuise target generators cannot be 
modified to climinate this difficulty. They are therefore considered asx a 
lower confidence countermeasure than the decoys. In the case of decoys, the 
Methods for identification are more complex, and furthermore, they can be 
aulled by modification of the decoy, Consequently the decoys are relatively 
high confidence countermeasures, 
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Characteristics of Infrared Radiation 


M. D. EARLE 


21.1 Introduction 

Infsared refers to the portion of the electromagnetic spectrum lying be- 
tween the visible and the shor: wavelength microwaves. Sir William Herschei 
discovered the piesence of energy In this region of the spectrum In 1800 
while exploring the distribution of energy in the solar spectrum, Using a 
mercury-in-glass thermometer as & detector, he found that the thermometer 
did not reach its maximum reading until it had been moved a considerable 
distance beyend the red end of the visible spectrum. 
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Ficury 22-1) Relatlon of Infrared to other regions of the electromagnetic spectrum 


Figure 21-1 shows the position of Infrared in the electromagnetic spectrun. 
The usual unit for the measurement of infrared wavelength {fs the micron 
(x), which ds equal to 104 centlmeters. The infrared spectrum can) be 
roughly divided into three parts; the near infrared from .8 to 1.2 rmaicrons, 
the Intermediate infrared from 1.2 to 7 microns, and the far infrared beyond 
7 microus. The region from 1.2 to 7 microns is the most important from the 
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military standpoint as this Is the region in which the photoconductive detec: 
tors are usefui, This is also the region into which most of the infrared radia- 
tion from military targets falls. 

Since ali objects at a temperature above absolute zero emit infrared radia- 
tion to some extent, many objects of military importance are unavoidably 
good infrared targeta. The intensity of the radiation Increases and the 
position of the peak Intensity moves toward shorter wavelengths as the tem- 
perature is Increased. If one imagines a material such that all the radiant 
energy falling on it is absorbed, regardless of its wavelength, it would be 
found that the power radiated by this body per unit area of surface and the 
spectral distribution of this radiated power Is a function only of its temper- 
ature, Such an object is called a blackbody. While idea! blackbod'es do not 
exist, a very close approximation tc one is a uniforn.ly heated enclosure with 
a small aperture through which the radiation emanates, 

The spectral distribution of energy in blackbody radiation is expressed by 
the following formula, known as Planck's radiation law: 


arc*n 
W) da == \t(ewRhT — Py an (21-1) 


where: WW) dA {s the radiant emittance within the wavelength band da. 
c is the velocity of light 
A is Planck's constant 
A is the wavelength 
T is the absolute temperature 
A is Boltzmann's constant 


If the 2bove expression Js divided by dA, the spectral radiant emittance 
W, Is obtained. This Is the radiant enittance per unit wavelengin Interval, 
(It can be expressed in watts per square centimeter por micron, for example.) 

If Eq (21-1) ds differentiated with respect to A and placed equa! to zero, 
the value of the wavelength corresponding to the maximum value of the 
spectral radiant emittance is obtained. The resulting expression Is 


Anas = constant/T WP ' “f} 


This is known as Wien's displacement law. It shows that the maximum of 
the blackbody spectrum shifts toward shorter wavelengths as the temperature 
is jncreased., 

If Wy @a is integrated over all values of A the total radiant emittance Is 
obtained. This is known as the Stefun-Boltzmann law. 
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zs da 
fm Gd == 2x c®h [ AREY — Ty di = constant(T*) (21-3) 


In Figure 21-2 the relative spec- 

tral radiant emittance is plotted as 

| a function of wavelength for black- 

‘ila bodies at several different tempera- 

tures. This figure also ©. vs thie 

ahift of the position o. © axima 

of these curves toward shorter 

wavelengths as the temperature Is 
increased. 

A graybody is defined ar one 
which when heated has a radiation 
spectrum the same shape as that of 
a blackbody, but whose spectral 
radiant emittance is reduced by a 
constant factor throughout the 
apectrum. The emissivity of such 
a body is defined as the ratio of its 
rajiant emittance to that of a 
bisckbody at the same tempera- 
ture. 

Many gases when heated are also emitters of Infrared radiation. If the 
vibration and rotational energy of a gas have the proper values, the vas will 
absorb infrared radiation in certain regions of the infrared sjcirum. Since 
a heated gas emits radiation of the same frequencies that it absorbs, these 
gases will also radiate in the infrared region of the spectrum. For thia reason, 
this type of radiation is not continuous as is that from a black or @ graybody 
but Is composed of lines. These lines are grouped into bands in various spec- 
tral regions, 





Fiours 21-2 Relative apectral radiant emit- 
tance of blackbodies at scveral tsmperatures 


21.2 Scattering and Absorption by the Atmosphere 

In any contemplated use of infrared radiation, the attenuating character- 
istics of the intervening media must be taken Into consideration, For work 
at low altitudes the carbon dioxide and water vapor in the atmosphere are 
the most important absorbing constituents. Figures 24-3 and 21-4 shaw the 
fractional transmission of infrared as a function of wevelength over a path 
of 1 nautical mile near sea level, containing 17 mm of precipitable water 
vapor, The amount of precipitable water vapor is defined as the thickness 
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Figure 21-3 Atmospheric tranamisalon in the 
1 to $.§ micron region (Ref. 1) 
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Wevelength ‘») 
Fiourk 21-4 Atmoapheric transmission In the 
7.$ to 14 micron region (Ref. 1) 


(pathlength) of water which would be present {f all the water vapor in the 
path were condensed into quid water. 

Figures 21-3 and 21-4 ahow several regions of high transmissiun called! 
“windows”. The absorption bands which separate these windows are due 
either to COy or HyO, as indicated. The absorption band centered near 2.7 
nicrons is due to CO, and 11,0. 

The concentration of CO, in the atmosphere is about .033 percent (Ref- 
erence 2) by volume. This value remains aimost constant with altitude. The 
absolute amount of COQ, In a path of given length would therefore be pro- 
portional to the density. 

For radiation in the spectral cagions fram 1.9 to 2.1 microns, 2.2 to 2.6 
microns, and 2.9 to 4.1 microns there is very little absorption by CO,. There 
are strong absorption bands at 2.7 and 4.3 microns. The attenuation over a 
§-kilometer path (3.1 miles, a reasonable range for a small air-to-air missile) 
due to COg in the atmosphere for 2.7 micron radiation would vary from 94 
percent at sen level to about 43 percent at 40,000 feet. For radiation of 4.5 
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microns there is almost complete absorption even at 40,000 feet for a path- 
length of 5 kilometers. Due to the broad transmission regions mentioned 
above, the absorption by CO, in the 1.2 to 7 micron region is not severe, 
even at sea level, and becomes even smaller as the altitude Increases. 

The variation of H,O vapor with altitude is shown in Table 2i-I (Refer- 
ence 3), These are average values for the eastern part of the United States. 


TABLE 21-]. Variation of Water Vapor with Altitude 
Altitude Absolute Humidity 


(ft) (g/m) 
5000 14.0 
10000 8.8 
15000 4.4 
20000 2.3 
30000 1.2 
40000 0.01 


Computations using the data shown In Table 21-I Indicate that, for the 
spectral regions from 1.9 to 2.7 microns, 2.7 to 4.3 microns, and 4.3 to 5.9 
microns (Reference 4), the attenuation due to water vapor alone over a 5- 
kilometer path at sea level would be approximately 50, 50, and 8&8 percent 
respectively. The attenuation at 40,000 feet for the 1.9 to 2.7 micron and 
2.7 to 4.3 micron region would be negligible whereas for the 4.3 to 5.9 micron 
region it would be only about Z percent for a 5-kilometer path. 

While CO, and HO are the principal absorbers in the atimospnere, other 
constituents, such as nitrous oxide, N,O; methane, CH,; carbon monoxide, 
CO; and hydrogen deuterium oxide, HUO (Reference §) have absorption 
bands in the infrared region but play minor roles in military applications. 
Ozone has a relatively strong absorption band at 9.6 microns and weaker 
ones at about 4.7 and 14,1 microns, Ozone reaches its maximum concentra- 
tlon at about 80,000 feet (see Figure 22-12) and the effect of its presence in 
the infrared spectral region is small, This is particularly so in the region of 
senaltivity of the commonly used photoconductors. 

Some attenuation of Infrared radiation is caused by scattering due to the 
presence of haze in the aimosphere. This effect is most pronounced at low 
altitudes and at the shorter infrared wavelengths. Fo and clouds attenuate 
infrared radiation very strongly. It is estimated (Reference 3) that the 
transmittance of @ typical cloud in the near Infrared would be only one per- 
cent for a pathiength of approximately 400 feet. For this reason, the use of 
infrared devices at low altitudes is very uncertain, whereas at altitudes above 
bout 30,000 feet, weather and water vapor are less important factors. 
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21.8 Comparison of Infrared Devices With Those Empicying Micro- 
wave and Visible Radiation 

Some of the advantages of infrared over microwaves are: 1} Due to the 
short wavelengths Involved, much greater resolution can be obtained with 
jafrared devices which use very much smaller ‘‘aper tres’ than with micro- 
wave devices, 7) Since many Infrared systems are passive, detection of thelr 
presence is difficult, increasing the complexity of the countermeasures prob- 
lem for the enemy. 3) In an active system (e.g. communications) the energy 
cannot be intercepted by the enemy without getting directly in the beam. 
4) The electronic circuits In infrared devices are usually simpler and cheaper 
than those In microwave devices. Since radiation chopping frequencies usec 
in Infrared techniques are in the audio range, complicated high frequency 
techniques are avoided. 

Some of the disadvantages of infrared as compared to microwaves are: 
1) Clouds and water vapor greatly reduce the effectiveness of infrared sys- 
tems. 2) Infrared sources and detectors cannot be ‘tuned’ as sharply as 
microwave devices, This means that much power is wasted because it is of a 
frequency to which the detector is insensitive. 3) Passive infrared systems do 
hot give range information, 4) Background radiation, particularly in daylight, 
ln often troublesome. 

It is difficult to compare infrared and microwave systems with respect to 
maximum range since this depends on many factors. In general, the area of 
u target for radar reflection is larger than the area for Infrared radiation 
(l.e., the radar cross section of an aircraft compared to the area of its tall 
plpes). However, neglecting absorption and scattering, the signal is propor- 
tlonal to the inverse fourth power of the range in reflecting (active) systems, 
whereas it drops off as the inverse square of the range for pussive systems 
where the target is the source of radiation. 

Infrared has several advantages over visible radiation for military pur- 
poses. Some of these are: 1) Many military targets are at temperatures such 
that considerable infrared is radiated, while often little cr no visible radia- 
tlon is present, 2) Since infrared is invisible to the human eye, greater secur- 
ity lz possible. 3) In infrared systems advantage can be taken of apectra! 
filtering to remove much of the background radiation produced by scattered 
und refiected sunlight, and thus echleve greater daytime capabliity than 
would be possible in systems using visible radiation. 4) Infrared is slightly 
better for penetrating fog than is visible radiation. 


21.4 lafrared Detectors 
One of the principal contributing factors to the present day effectiveness 
of military Infrared devices has been the great progress which has been nade 
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in the development of high-sensitivity, short-time-constant, photoconductive 
detectors. Thee detectors have thelr chief usefulness in the intermediate 
(1.2 to 7 mie 5) Infrared region. Photoemissive cells and photographic 
techniques can ve used to about 1.2 microns. Before the advent of the photo- 
conductive detector, exploration of the region beyond 1.2 microns was limited 
to the use of thermal detectors such as bolometers and thermopiles. These 
devices were slow and frequently of low sensitivity. 

The action of a photoconductor does not depend upon a heating of the 
detector material as is the case In a thermal) detector. Jt is a quantum cffect 
involving the action of quanta of radiation on the current carriers of the 
conducting materia!. For this reason the time constant (defined as the time 
required for the detector output signal to decay to !/c, or approximately 37 
percent, of its steady-state value upon Interruption of the radiation falling 
upon it) can be very short, Another fundamental difference between phoio- 
conductive and thermal detectors is that the spectral response of photocon- 
ductors varies with the wavelength of the incident radiation as compared to 
the uniform spectral response 
of “biack”, i.e., perfectly absorb- 
ing thermal detectors. 

The chief photoconductive 
materials presently being used 
in military infrared hardware 
are: lead sulfide, PhS; telluride, 
PbTec; lead selenide, PbSe; and 
indium antimonide, InSb. Figure 

ft itv del P type 21-§ shows the spectra) response 
| of some typical photoconductors. 
In these curves ‘Jones’ S'" (first 
introduced by Dr. R. Clark 
Jones) Is plotted against wave- 






| lengths. 
a Jones’ S fe given by the fol- 
| lowing expession: 
me t o4 ee ’ ie 
Weveils igth tn) NEP 
Fiouar 21-5 Spectral response of typical S- . % 21-4) 
photoconductors (Ref. 3) As (1/2) ( 


where: NEP is the noise equivalent power 
A is the area (ratio of actual area to unit area to make the 
equation dimensionally correct) 
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{ is the center frequency (chopping frequency )* 
Af ts the amplifier bandwidth (should be small compared 
to f) 


S is then the value of the NEP of a similar cell In what is known as 
“reference condition C.” This condition specifies unit cell area and a 
bandwidth A/ between Iimits fy and /; such that fy//, <= ¢ (base of natural 
logarithms). The derivation of Jones’ S is based on the assumption that the 
cell is current nolse-lim'ted and that the noise power per unit bandwidth is 
inversely proportional to the chopping frequency. This condition holds for 
a number of photoconductive detectors. The chopping frequency should be 
low enough zo that the full cell response can be realized. (‘The cell sensitivity 
increases as Jones’ S decreases). 

It is necessary to cool some photoconductive materials In order that the 
nolse level may be kept sufficiently low. Lead teliuride must be cooled to 
liquid nitrogen temperature (—- 196°C). Indium antimonide |s usually cooled. 
Lead selenide can be used at room temperature, but Its performance Is 
greatly enhanced by cooling; lead sulfide is usually used at room temperature. 

Germanium and silicon which have been ‘‘doped”’ with certain impuritics 
are sensitive to wavelengths much longer than the other photoconductors. 
Detectors made of these materials are now belng manufactured and show 
considerable promise for future use. 

Table 21-II shows the typical characieristics of several photoconductcrs 
(Reference 3). 

Rolometers and thermocouples ere still quite useful In the region beyond 
6 microns, Great improverne ts bave also been made in these devices In 
recent years, Bolometers with time constants of leas than a millisecond are 
now available.t 

Another type of thermal detector is the Golay cell. This cell consists of a 
minute cell of gas, which expands upon heating as a result of absorbing radia- 
tion. The expanding ges deforms a metallized diaphragm whose displacement 
is Indicated by an optical lever aystem. The evaporograph [s a thermal detec- 
tor which can be used as an Image-forming device in which tne degree of 
evaporation of a film of oll is a functlon of the quantity of radistion failing 
upon ft, 


“Ie is customary to “chop” or Interrupt the racdlation falling on photaconduciive 
detectors so that the cell signal can be amplified by a-c methods. 

tThermocsouples and thermoplles have been ward for iiany yeara as derectors of infrared 
radiation, They are relatively slow and frequently insensitive, However, thermocouples 
of good sensitivity which can be modulated at frequencies of 10 to 20 cycles per second 
are now available. These are extenalycsy used in apectrometers, 
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TABLE 23-11. Characteristics of Fhotuconducters 






























PbS PbS PbTe PhSe 
26° C —78° C 196° C —194° C 
Sensitive Ares =| (tte | corto | ito | tto 
(sq em) 400 4co 100 100 
Dark Reststance 7 0.1 to ) i to “0.8 to 
(megohms) 100 10 
Time Constent Sto | to 
( saec) 280 150 
Wavelength of peak Sto. 2 to 
response (ss) 4.5 


aa eee 


Long Wavelength 
limit of response (u) 


(Reaporase down to 6 
10% of peak phase) 

NEFD®® at peck re- | 
aponse (10°! 20 to 
watte/em$) 1000 


= i atta PR oS 


*These data ats based on a chopping frequency of 90 cycles per second and a band- 
width of § cycles per second. 

®*NEFD Is noise equivalent flux denalty which is the flux cdenalty at the detector 
which will produce unity signal-to-nolee ratio. 


21.5 Principles Involved in Infrared Tracking Devices 

The principal threat for which Infrared countermeasures are needed, Is 
that presented by air-to-air infrared homing missiles to jet bombers. ‘These 
missiles have been very successful In tests against Grones and tow targeis 
carrying flares to provide a suitable sou:ce. 

The basic optical component of these and most other infrared devices is 
the reflecting telescope. The use of reflective optics largely elimiustes the 
difficulty, encountered in this region of the spectrum, of finding sultable 
transmission optics and provides a device free of “chromatic” aberration, L.ec., 
the focal length of tne system does not change with the wavelength of the 
radiation. A typical optical arrangement {s shown jn Figure 21-6. This re- 
sembles the cassegrainian system used In reflecting telescopes. A true casse- 
grainian telescope has a paraboloidal primary mirror and a hyperbololdal 
secondury mirror. However, since extremely high image quality Is not re- 
quired in these seekers, some compromise in favor of cheaper compunents 
can be made. Fer this reason, the primary mirror is usually a spherical 
mirror and the secondary either a plane or a spherical mirror, 
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The phenomenal success of 


<< this type of missile has been due 

Pd Rewnle to a large extent to two achieve- 

tevondery curr OL =p ments: the developinent of 
<i i iS mim : glare a at - short-time-constant high-sensi- 
ae tesen tivity photoconductive detectors 


4 and the development of means 
cree e nee ee Le by which a small target which 
Frourr 21-6 Opticai system of typical infra- care fates inieaae 

red seeker 
from its background. 

The principal photoconductive detectors have been described earlier in 
this chapter. A brief description of background discrimination techniques 
will be given here. Since the radiation from the tall pipes of a jet bomber 
has its peak In the vicinity of 4 microns and the peak of the sky radiation 
occurs at much shorter wavelengths, a considerable improvement in target- 
signal to background-signal ratio can be achleved by spectral filtering. For 
this purpose an Interference filter with its short wavelength cutoff at about 
2 microns or a germanium filter whose short wavelength cutoff is at 1.8 
microns can be used. The lead sulfide detector has its long wavelength 
sensitivity limit at abou: 2.8 microns. The spectral bandwidth to which the 
detector-fAlter combination is sensitive is about one micron wide and is 
located at e value where very little signal is produced by the radiat.on from 
the sky. The target radiation, however, is not excessively attenuated. This 
filter can be located as ahown In Figure 21-6. 

The other technique for target discrimination is based on the difference in 
size between the images of the target and the background formed at the 
focal plane of the optical system, This method is known as “space filtering”. 
in one type of seeker, a rotating reticle or “chopper” is placed In the focal 
plane of the optical system as shown in Figure 2-6 to interrupt the algnal 
at a definite {requency so that a-c amplification can be used and better nolse 
rejection characteristics can be obtained, Suppose the reticle has the form 
shown In Figure 21-7, The image of the target is represented by the <ot 
while the Image of the backgrcund covers the entire reticle. It can be seen 
that the background radiation passing through the reticle to the cell will be 
constant regardless of the position of the reticle, the average transmission of 
the reticle being about fifty percent. The target radiation wili be modulated 
while the spoked part of the reticle is passing over the target image but no 
modulated signal will be produced while the cther half of the reticle is pass- 
ing over the target image. In Figure 21-8 the radiation flux reaching the 
detector is shown as a function of time (or angular position of the reticle). 
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Fiount 21-8 Radiation pattern as a function 
of time for reticle shown in Fig. 21-7 (Ref. 7) 


lmia tepresents the fiux reacaing the detector in the absence of a target (or 
when the target is completely obscured by an opaque spoke of the chopper). 
This radiation is due entirely to the background. Jas represents the flux 
reaching the detector with the target present (target Image falling on trans- 
parent sector of the chopper). / represents the flux reaching the detector 
when the target image {is in the lower half of the reticle. Since the lower 
half of the reticle has approximately fifty percent transmission for both the 
target and background radiation, / wiil be halfway between foi and Jax. 
It can be seen that the difference Jus — Jin Well increane as the target 
moves outward en the reticle (until spoke width is equal to target image 
width). This vrovides a measure of the amplitude of the a-c component of 
the detectcr signal while the length of the envelope of each group of pulses 
will remain constant. When the target image is exactly at the center of the 
reticle, the target radiation reaching the detector does not change with the 
angular pesition of the reticle and the a-c component of the detector 
signal is zero. After removal of the d-c component, amplification ana 
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rectification of the detector signal, the height of the resulting pulse en- 
velope represents the error signal which makes tracking possible, while the 
phase relationship with respect to a fixed point on the secker frame can be 
used to obtain directional information. A more sophisticated form of reticle 
is shown in Figure 21-9. In this reticle the error signal increases with radial 
displacement until the target image reaches the approximate position of the 
dotted line. After this region is passed, the number of chopping elements 
decreases with further increase of radial displacement and causes the error 
signal te Gecrease also. This technique makes the seeker less susceptible to 
counterineasures In which a false target is employed since It requires that the 
false target be near the center of the fleld of view to have maximum effective- 
ness. A seeker with this type of response is leas likely to be confused in the 
presence of multiple targets than one with the response previously described. 
The error signal as a function of error angle (angle between targets and 
longitudinal axis of the seeker) for a reticle of the type illustrated in Figure 
21-7 Is shown In Figure 21-10. The error signal curve for the reticle of Figure 
21-9 Is shown In Figure 21-11. 





Fiovnr 21-9 Improved form of reticle 
(Ref. 7) 





Fiatmx 21-10 Error signal versua error Fiounx 21-11 Error signal versus crror 
angle for reticle shown In Fig. 21-7 angle for reticle shown In Fig, 21-9 
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In actual practice a checkered pattern {s often used instead of the spoked 
patterns which have been described. The chief advantuge of the checkered 
pattern over the others is that {t shows ‘ess response to gradients in the 
background radiation that tend to lle along the radius of the reticle; a cloud 
edge, for example. 

In one type of Infrared secker the rotating reticle is mounted as a part of 
the rotating member cf a gyroscope. The error signal, through magnet'c 
coupling, produces a torque of the proper phase and magnitude tv cause the 
gyroscope to precess Jn such a manner that the telescopic system accurately 
tracks the target. In some systems the primary mirror is also the rotor of the 
gyroscope. 

The first infrared missiles used the lead sulfide cell with a suitable filter 
and had a useful sensitivity in the region from 1.8 to 2.8 microns, Develop- 
ment of air-to-air missiles employing photocenductive detectors sensitive to 
longer wavetengths {s in pregress. This has the following advantages: 
i} Many milltary targets have temperatures such that the peak of thelr 
radiation occurs between 3 and 5 microns. 2) The spectral bandwidth of 
these longer wavelength detectors !s wider; heice more power ts available. 
3) There fs less background radiation. 4) These factors result In an Increase 
in the signal-to-noise ratio in apite of the fact that these longer wavelength 
detectors are usually iess sensitive than lead sulfide detectors, Characteristics 
oi some typical alr-te-air infrared missiles are listed in Table 21-291. 


TABLE 21-11. Characteristics of Some Typical infrared 
Air-to-Alr Missiles, 


Range 18,000 to 36,000 feet 
Speed Mach 2 to 3 
Length 6 to 10 feet 
Diameter 5 to 11 Inches 


21.6 Jafrared Characterisiics of Jot Alreraft Targets 

All aircraft are eniitters of Infrared radiation, The only ones, however, 
which will be discussed here are jet aircraft since from a military standpoint 
they are of much greater Importance and since their infrared output, in 
xenernl, far exceeds that of propeller driven craft. 

There are three (mportant sources of Infrared radiation in jet alrcratt. 
These are: 1) The radiation from the het metal parts of the jet engine (tur- 
bine and tail pipe), 2) The radiation from the hot gases behind the alrcraft 
in the plume. 3) The radiation from aerodynamically heated surfaces. Ky 
far the most important of these is the radiation emitted by the hot metal 
parts of the engine, The plume radiation is confined chiefly to the spectral 
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regions in which the principal combustion products, CO, and H,O, have 
their abserption bunds. Radiation duc to aerodynamically heated surfaces 
is negligible for subsonic aircraft, but will probably be a major source of 
radiation from alrcraft such as the Mach 3 bomber. Figures 21-12, 21-13, 
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Figure 21-13 Radistion pattern for W-47 
aircraft (Ref. 6) 
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Fiounn 21-14 Radiation pattern for B-52 
aircraft (Ref. 6) 


ind 21-14 show the radiation patterns of an FOF, a B-47, and a B-52 uir- 
craft respectively. The values are shown In effective watts per ateradian. This 
is the power within the 2.0 to 2.6 inicron wavelength region which Is effective 
In producing a signal in a seeker equipped with a lead sulfide cell after al- 
lowance has been made for atmospheric absorptions, optical filter transmis- 
sion, and cell reaponse. These patterns were measured at the Naval Ordnance 
Test Station, China Lake, California. The instrumentation was located on 
the ground while the aircraft flew in a pattern at low altitude. Detted por- 
tions Indic ate reglons in which measurements were not made, 
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The pattern for the single jet F9F shown in Figure 21-12 shows a some- 


what higher maximum value than the B-47. This is due to the much higher 


tall pipe temperature cf the F9F (600°C as compared with 400°C). Suonie 
earlier ;et aircraft with a more exposcd tail pipe showed an almest perfect 
cosine distribution In their near Infrared radiation pattern, The FOF haa e 
less exposed iall pipe and consequently the pattern has been modified some- 
what (see Section 22.7 on shieldlag jet engines). 

Figure 21-13 shows the radiation nattern for the B-47 (equipped with 
alx J-47 engines) for the same spectral region. The exhaust gas temperature 
at which this curve was made was 400°C, This temperature would correspond 
to a throttle setting which would give maximum range if the aircraft were at 
about 35,000 feet altitude. The speed under these conditions would be about 
Mach 0.7. At full throttle the output would, of course, be much greater. 

Figure 2!-14 shows the pattern for a B-S2 aircraft equipped with eight 
J-S7 engines, The increased output over the B-47 is due to the following 
facts: 1) The engines are Jarger. 2) ‘There are elght of them Instead of six. 
3) The J-S7 engine produces lesa smoke than the J-47 does. Both these alr- 
craft show considerable forward radiation which may be due to radiation 
through the engine intakes, or to reflections from the aircraft skin. 

The output fa this region of the spectrum is due almost entirely to the 
radiation irom the hot metal perts of the engine, very little originating from 
the pluine (Reference 7), The infrared output of a jet engine is strongly 
(lependent on temperature; a3 has already been shown, the Stefan-Boltzmann 
law indicates that the total radiated output of a blackbody {fs proportional to 
the fourth power of the absolute temperature. For a limited range of wave- 
length and in the proper temperature region the dependence of radiated 
output om temperature is much greater than this. This is true because 2 
larger fraction of the total output is in the region of Interest, since the maxi- 
mum of the bicckbody shifts toward shorter wavelengths an the temperature 
is Increused. In the 2.0 to 2.6 micron spectral region and for the temperature 
range 400 C to 700°C, it has been found that the radiated output from a 
jet engine varies approximately as the seventh power (Reference 7) of the 
absolute temperature as indicated by an uncooled lead sulfide detector. The 
follawing example will ilustrate this, Suppose a blackbody to have a tem- 
perature of $00 C. The total output of this source would be 2 watts per 
square centimeter. For a temperature of 500 C, 5.5 percent of the total! 
output is in the 2.0 to 2.6 micron region. Thus the output Jn this band would 
be O11 watts per square centimeter. Suppose the temperature of the black- 
body to be raised to 600 C. The total output would now be 3.3 watts per 
square centimeter and of this .27 watts per square centimeter or 8.2 percent 
would be in the 2.0 to 2.6 micron region. The ratio of those two values is 
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27/51 =< 2.45. If the output In this spectral reglun varied as the seventh 
power of the absolute temperature, the ratlo would be 


273 -+ 600 73 
(#3 + 33) = (#73) = wee: 


It can be seen that the seventh power law hoids reasonably well. 

The radiatlon output values shown In Figures 21-13 and 21-14 for the 
B-47 and B-52 respectively were taken at throttle settings considerably beiow 
full military power, Later measurement (Reference 8) made on the B-47 and 
B-52 at 35,000 fect under conditions of full military power showed maximum 
values (in the 1.9 to 2.6 micron region) from the B-47 to be as high as 1000 
to 12CU watts per steradian and from the B-52 to be as high as 3000 watts 
per xteradian. These increased values over these which were made at low 
altitudes can easily be explained by the higher tail pipe temperature involved 
when che throttles are set for full military power. 

The character of the radiation from the hot metal parts of 2 jet engine 
resembles that of a alackbody in spectral as well as in spatial distribution. 
Figure 21-15 shows the relative 
: spectral irradiance of the radiation 
fos from the tall pipe af a J-S7P3 en- 

, gine cn the ground at close range 
(120 feet). Except for the strong 
absorption bands due to Hy,O and 
CO, near 2.7 microna and «tue to 
CO, at 4.3 microns, the spectrum 
resembies that of a blackbody 
fairly closely, The peak occurs 
blikaignssi ie near 3.4 microns. A blackbody with 
Fictry 21-38 Tallplpe radiatlon from the {ts peak at this wavelength would 
J-47 PS engine (Ref. 9) have a temperature of 570°C. This 
is in reasonable agreement with the measured value of 511°C when one con- 
siders the difficulty of determining the position of the peak in the measured 
spectrum due to the absorpticn of the intervening atmosphere and the cem- 
bustion products. 

Spectral measurements of the plumes of jet engines show that most of the 
energy Is concentrated in the regions near 2.7 and 4.3 micruns. This radiation 
has (ts origin in the hot CO, and HyO which are the principal combustion 
products, Since the outer portion of the plume and the atmosphere co-taln 
CO, and HyO at a lower temperature than that near the center of the plume, 
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close to the nozzle, considerable energy ut the centers of these bands is ab- 
aorbed, Plume radi::ion is nut particularly Important in the 2.7 micron spec- 
tral region, it havi: been estimated that as much as 95 percent of the 
radiation in the lead sulfide region (1.8 to 2.8 microns) originates from the 
tail pipe. The chief significance of the plume radiation {s that it has a much 
broader spatial distribution pattern than does the radiation from the tail 
pipe. There is considerably more energy from the plume In the 4.3 micron region 
of the spectrum than jn the 2.7 micron region, although it {s still much less than 


the 2.7 micron band may vary by almost a factor of 10 and may be as much 
as 25 or 30, Since the 2.7 micron band radiation falls off more rapld!y with 
temperature than does the radiation at 4.3 microns the ratio mentioned 
above increases with altitude, because of the lower throttle settings and 
correspondingly lower temperature usually Involved, Total plume radiation 
drops rapidly with altitude. Measurements have shown that at 40,000 feet 
the plume radiation in the 2.7 micron region is down to about six percent 
of its ground level value, while the plume radiation in the 4.3 micron region 
is down to about 45 percent of Its ground level value (Reference 9). The 
radiation In the 4.3 micron region at 40,000 feet would be about ten percent 
of the tail pipe radiation. At sea level the plume radiation of the J-57 engine 
irr the region between 4 and 5 microns, for a throttle setting of 93 percent 
would be about 110 watts per steradian from tafl aspect (Reference 3). At 
40,000 fect this would drop to about 50 watts per steradian. 

The infrared reaatation from an aircraft Is greatly Increased by the use of 
an afterburner, the output of an engine sometimes increasing by a factor of 
50 or more when Its afterburner Is turned on. 

In the case of some supersonic aircraft the radiation from the aerody- 
namically heated skit: will probably be much greater than that from the hot 
metal parts of the engines and the jet plumes combined. It has been esti- 
mated that a six-engine aircraft, flying at a speed of Mach 3 at an altitude 
of 75,000 feet may have «a skin radiation of as much as 60 kilowatts per 
steradian for the 3.0 10 5.2 micron bang In some directions if the skin mate- 
ral is in an oxidized condiilon (Reference 10). 

Afterburner plume radiation is expected to be practically negligible com- 
pared to that of the s'tin. This is due to the fact that et these high speeds 
there is a great reduction In pressure as the hot gases leave the engine nozale. 
This large change in gas pressure is accompanied by a corresponding drop in 
temperature, The rosulting plume temperature behind the aircraft will prob- 
thly be less than $00 C and the plume radiation in the 4.3 micron region 
will probably be less than | kilowatt per sterndian, even when all six engines 
can be seen by the detector, 
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The other sources of radiation In this aircraft will be the engine intakes 
which may have temperatures as high as 300°C and the hot metal parts of 
the engines. The total output of the six engines will probably rot be more 
than 4 kilowatts per steradian in the 4.3 micron region. The view of the hot 
metal and gases within the engine will be somewhat restricted by long ex- 
haust nozzles. 


21.7 Radiation Characteristies of Alr-to-Air Rockets 

The infrared radiation characteristics of rockets are ulso of Interest in a 
discussion of Infrared countermeasures. This js because use can be made of 
the radiation from the rocket motors of missiles In warning systems. (See 
section on engagement warning syaterms, Sectlon 22-10.) Ultraviclet measure- 
ments on rockets have also been made in this connection. 

Table 21-IV shows radiation characteristics of air-to-air rockets in the infra- 
red in kilowatts per steradian at nose-on aspect (Reference 11). The number 
in parentheses following the average values indicate the burning time In 
secontis over which the average was taken. Those following the maximum 
values indicate the time at which the maximum occurred. These values are 
from the nose-va aspect, Measurements were made at a range of 500 feet. 
No corrections have been made for atmospheric absorption. These measure- 
ments were made at the Naval Ordnance Test Station, China Lake, Callfor- 
nia, where the water content of the atmosphere is quite low. 


TABLE IV. Radiation Characteristics, Air-to-Air Rockets. 


Type 18-284 1.B~7 ys 
Rocket average max average max 
FFAR MK 2 Mei 0 0.10 (1.6) 0.16 (0.7) 0.50 (1.9) 0.80 (1G) 
FFAR Experimental 12 (07) 22 (0.8) 10 (1.8) 20 (0.4) 
FFAR 107 H 0.15 (1.6) 0.47 (0.5) 0.48 (1.3) 1d (0.9) 
HVAR 10 (4.1) 1,7 (0.4) $2 (1.5) 60 (05) 
Zuni 6.8 (3.2) 00 (0.5) 19.0 (1.6) 34.0 (0.9) 
HPAG 0.08 (1.8) 9.50 (0.4) G.i6 (2.2) 0.28 (0.2) 
TABLE 21-V. Radiation Characteristics of Several Rockets 
in the Ultraviolet 
Type Rocket Motor Minlinuns Maximum 
FPFAR MK 1! Mod 3 0.t 0.835 
FFAR MK 2 Mod 0 3.0 8.0 
FFAR Exp X-12 12.0 15.0 
HVAR MX 10 Mod 6 18.0 27.0 
HPAG 123 G 0.2 0.8 
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Table 21-V shows the radiant intensity of the 2600 A to 2900 A ultraviolet 
region of the spectrum for several rockets (Reference 12). These measure- 
ments were also made at nose-on aspect at a ra ige of S00 feet. Values are in 
milliwatts per steradian. 


21.6 Radiation Characteristics of Ground Targets 

Ground targets and ground installations are also emitters of Infrared 
radiation. However, there {s nut « great deal of quantitative data available 
on thelr radiation characteristics. Ground turgets, belng, in general, at lower 
temperature than aircraft targets, radiate at correspendingly longer wave- 
lengths. Since the radiation froin grotind targets must pass through the at- 
mospheric Jayer near the earth (which contains considerable CO, gas and 
H,O vapor), the atmosphere windows shown jn Figure 21-3 and 21-4 are 
important censiderations. Much of the ground radiation passes through the 
4.5 to $ and the 8 to 13 micron windows. For this reason, the phuioconduc- 
tors sensitive to the longer wavelength (such as PbSe and PbTe), and thermal 
detectors such as bolometers sre much more useful than lead sulfide cells. It 
ls conceivable that the radiation from ground targets such as citles and 
milltary Installations might be used for terminal guidance of air-to-ground 
or surface-to-surface missiles. So far the effort in this direction has been 
chiefly limited to short range tactical applications such as Infrared guidance 
for anti-tank weapons or guided bombs, 

It has been estimated that a tank which would probably have a temper- 
ature In the range of 100°C should be detectable by infrared meana ut 
ranges of 1 to 2 miles (Reference 3) during the day and 2 to 4 miles at 
night. 

Another air-to-surface application of Infrared is the possibility of detecting 
submarine wakea, due to the fact that there ix a alight temperature gradiert 
between the wake and the surrounding water. 

Since the temperature and emissivities of various types of terrain have 
different values, jt has been possible using infrared techniques, to obtain very 
accurate high resolution maps of ground Installations. Concrete runways, for 
instance, are easily distinguishable from the ground and grass adjacent to 
them. Vehicles with thelr engines running ° ‘her objects at different tem- 
peratures from the background such as ant... » have been clearly detected. 
It should be mentioned, however, that any device operating by means of 
infrared radiation from ground targets is rendered useless by heavy rain or 
cloud cover. 





21-20 ELECTRONIC COUNTERMEASURES 


10. 


31, 


REFERENCES 


Gebble, H. A., ¢! af, Atmospherle Transmission In the « to 14 Micron Reglon, Proc. 
Roy. Suc., Vol. A 206, pp. 87-107, 1951. 


Kupler, O. P., ‘The Earth cs a Planet,” University of Chicago Press, 1954. 


Ballard, 8. S., L. Larmore, and 8. Passman, “Fundamentals of Infrared for Military 
Appilcations,"” RAND Report R-297, March 31, 1956. (CONFIDENTIAL) 


Elder, T. and J. Strong, The Infrared Trenemission of Atmospheric Windows, J. 
Franaiin Inst., Vol. 255, No. 3, pp. 189-208, March 1953. 


Howard, J. N., Atmuspheric Transmission In the 3.5 Micron Region, Proc. IRIS. 
Vol. 2, No. 1, pp. $9-75, June 1957, 


Radiation Leboratory, Report on Symposium on Militery Applications of Infrared 
Physics, January 25 snd 26, 1956, Johns Hopkins University, Tech. Report AF-31, 
Tune 1956, (SECRET) 


Bloerr in, L. M., “A Review of Electro-Optical Countermeasures at NOTS,” 
NAVORD Report 4984, November 30, 1955. (SECRET) 


Haller, Raymond and Brown, Inc., Proceedings of the Symposium on Optical 
Radiation from Military Alrborne Targets, Report No. AFCRC TR 58-146, Con: 
tract AF 19(604)-2841, April 30, 1988. (SECRET) 


Eastman Kodak Company, Jet Engine Exhaust Survey Report, EX/NOD, EM 93?, 
Contract NORD 12157, February 3, 3936. (CONFIDENTIAL) 


Gelinas, R. W., “An Estimate of the Infrared Radiation fron a Supersonic Bomber," 
RAND) Report 8-75, Murch 8, 1958. (SECRET) 


Radiatlon Laboratory, Quarterly Progress Report on Infrared Countermeasures, 
Part If, A¥ 3-7, Contract AF $3(616)-3574, Johns Hopkins Universiiy, October 1, 
i957, (SECRET) 


. Eastman Kodak Company, Quarterly Report EK-1-97-Q6, Contract AF 3.3(600)- 


32297, and AF 33(615)-Site, March 10, 1058. (SECRET) 


Thie Chapter Ie SECKET 


22 


Infrared Countermeasures Techniques 


M. D. EARLE 


22.1 Introduction 

Infrared countermeasures for aircraft are necessary to degrade the effective- 
ness of enemy infrared guided missiles and reconnaissance devices. This Js 
particularly true of strategic bombing alreraft which radiate large quantities 
of infrared and which operate at altitudes where weather is seldom an Inter- 
fering factor. 

There is a fundamental difference between infrared and radar counter- 
nieasures in that Infrared devices cannot be jammed in the usual sense. In- 
frared homing weapons are passive, that is, they do not depend on reflected 
radiation from an active source for thelr operation. They operate solely on 
the radiation which originates from their Intended target. For this reason 
almost all infrared countermeasures are based on two basic concepts, ‘These 
are: the false target and the suppression of radiation reaching the detector 
of the seeker or reconnaissance device, The false target may have a number 
of different forms. It may be a strong source ejected from the aircraft such 
asa flere, it may consist of modulated beacons on the wingtips cr a source 
which is cowed behind the aircraft. 

Techniques which are based on the principle of radiation reduction include 
the shielding and cooling of jet engines and the use of smokes and screening 
agents. In the case of airborne targets such as au bomber type alrcraft the 
evasive maneuver may be included in the category of radiation reduct!oa. 
Since it is not In general possible for a heavy alecraft to change Its course 
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rapidly enough to outmaneuver a shert range air-to-air missile, the chief 
purpose of evasive tactics is to present a less favorable aspect to the ap- 
proaching misslie, The various countermeasure techniques are discussed more 
fully below. 


22.2 Fales Targets Launched From Aircraft 

The false target has been shown to be an effective countermeasure for the 
protection of subsonic jet alrcratt against infrared homing alr-to-alr raixsiles. 
The false target in its common form consists of a pyrotechnic flare similar to 
those which have been used for illumination and /dentificatlon purposes. 
These flares consist of a fuel such as finely powdered magnesium or aluminum 
and an oxidant. The fuel and oxidant must be uniformly mixed and pressed 
in a mold to a density which allows the flare to burn uniformly during its 
life. One such flare is composed of magnesium as the fuel and sodium nitrate 
as the oxidant. A stoichiometric flare made of these materials would be about 
42% magnesium and §8°% sodium nitrate by weight. The chemical reactlon 
Involved is; 


5 Mg 4+ 2 NaNQ,--- 5 MgO | NaysO + Ny 


In practice, the composition usually differs slightly from stoichiometric 
anda small amount of binder is used, the basic formula for a typical flare 
(Reference 1) belng 47.65% magneslim, $7.69 sodium nitrate and 4.8% 
Ginder, Fiares of a composition similar to this have been shown to have an 
output of $00 watts per steradian (Reference 2) In the 2 to 2.5 micron 
region (for a 44 pound flare with a burning time of 8 seconds). 

It is not necessary that the ‘oxidizing’ agent in the flare contain oxygen to 
maintain the energy releasing chemical reaction. A flare composed of mag: 
neslum and Teflon (potytetrafluoro ethylene) has also shown promise as an 
infrared countermeasures source. Such a flare migni consist of approximately 
equal parts of magnesium and Teflon to yield a peak output of almost 13 
kilowatts per steradian in tne 1.8 to 5.4 micron region of the spectrum. 

The reaction Involved In the Teflon flare is represented by the following 
equation, 


M + (CuFa), = MB, + Cm 


M is wo metal such as magnesium or aluminum, (C.F,), represents Teflon 
(polytetrafluoro ethylene), The reaction products are ao fluoride of the 
metal involved and carbon, Atmospheric oxygen will oxidize some of the 
carbon to CO, and possibly combine with the metal constituent to produce 
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metallic oxides, Detailed data on a ilare of this type are shown below (Ref- 
erence 3); 


Composition-=Approx. 1:1 ratio of Teflon and magnesium by weight 
Shape—Cylindrical 

Volume—-54.75 cubic inches 

Surface arca-—S0.2 square Inches 

Burning time—?2 seconds 

Peak power output—12,675 watts per steradlan 

Output power at 11 seconds—-6,337 watts per steradian 

Total energy—122,772 watt-seconds 

Specific energy output—79.5 watt-seconds per gram 

Spectral region-~1.8 to 5.4 microns 


= The output versus time curve for this 
| A flare is snown in Figure 22-1. 
| | Another infrared countermeasures source 





which can be ejected from an aircraft in 

flight is Known as the ‘Bail of Fire” (Refler- 

“— ence 4). This device as originally projosed 

ee mat! ae Would consist of a reaction similar to the 

familisr “‘thermite” reaction, in which an ex- 

Fisvur 21-1 Burning characte: oninge of oxygen takes place with the refeaxe 

ieticn of Flora Aare (Reference 4) 

of large quantities of heat. The reactants 

would be enclosed in a thin graphite shell which constitutes the radiating 

surface. A large number of possible chemical combinations hae been 
suggested. A few of these are given below; 


1, 3Fe,O, -{- § Al —» 4 Al,O; of 9¥Fe 
2. WOs + 2Al—0 AigOy + W 

3. WO, -+- 3Ca— 3CaO 1 W 

4. MoO, +- 3Mg -» 3MgO 4+- Mo 


A vypical device (Reference 5) consists of a 4-inch diameter graphite shell, 
0.080 inch thick, which Is filed with a mixture of tungsten oxide (WO) and 
aluminum. The reaction involved is that shown in (2) above. It is indicated 
that such a device when ignited will radiate eoproximately | kilowatt: per 
steradiin and will reach » temperature of 2100 K to 26. KR. A typical 
Ball of Fire is ignited by several hot wize ignition points and has vent noles 
covering about 10 percent of its area to relleve the Internal stress preduced 
by the reaction. 

since Balls of Fire involve a self-contained nonexpanding reaction, it war 
thought that they should be superior to a burning process in) which the 
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materia! was dispersed in the form of gaseous reaction products or solid 
particles in the form of smoke. This would allow the size and weight of the 
ball of fire to remain approximately constant and thus maintain the weight- 
to-drag ratlo for the countermeasure at a value which would produce better 
aerodynamic characteristics than could be achieved in a source which was 
consumed as it burned. 

In actual firings of Balls of Fire it hes been found that they, lke conven- 
tional flares, produce a considerable amount of smoke. This smoke consists 
lergeiy of solid particles of the reaction products produced during burning. 
This «moke emanates through the vent holes which are necessary to relieve 
internal stresses, The characteristics of Balls of Fire, therefore, do not xeem 
to differ In any Important respects from those of pyrotechnic flares. ‘The 
flures have the advantage that they are probably somewhat simpler to pack- 
age and dispense than Bal!s of Flre would be. Some problems and tech- 
niques related to the use of active countermeasure sources are discussed in 
the next section. 

An active countermeasure source should be dominant over the target it is 
Intended to protect. The reiative intensity of the decoy source depends on 
several factors, one of which is the configuration of the engines, f.e., whether 
lt is a single or multlengine alrcrait (Reference 6). The ratlo of source 
intenaity to target Intensity required also depends on the separation race of 
the target and source and on the range and direction of approach of the 
missile. Typical alr-to-alr missiles use a proportional navigation system and 
fly what Is known as a lead collision course. In this type of guidance the 
velocity of the target need not be known In order that a collision course be 
pursued. The diagram in Figure 22-2 shows the principle involved. Suppose 
that the missile and aircraft are each traveling ut a constant velocity, the 
velocity of the missile, of course, being greater than that of the alreraft. Hf 
the missile Is on a lead collision course the angle between the line-of-sight 
of the missile seeker (which points toward the target) and the missile direc- 
tlon will have a constant value. Hf elther the miasile or alrcraft changes 
direction or speed the line-of-sight direction will change. An error signal ts 
then produced which enables the seeker to recenter on the target. Signals 
ire transmitted to the control surfaces of the missile so that it is brought 
back on a collision course, The turning rate of the misalle is proportional to 
the turning rate of the line-of-sight. The value of this ratio is known as the 
navigation constant, 

If the adreraft target Jaunches a countermeasure source such as a flare, 
the horizontal component of the separation velocity of the flare with respect 
to the aircraft will be large due te the high drajye coefficient of the flare, ft 
can be seen from Figure 22-2 that the missile appruaching with the targer 
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Ficurg 22-2 Lead collision course of alr-to-alr minaile 


lead angle will have « greater tracking rate requirement pluced upon It than 
the missile which is approaching with the smaller iead angle. The separation 
velocity of the fare might be so great that for the condition shown in Figure 
22-2b, the missile could not follow it. In this case the flare would move out 
of the fleld of view while the target could still be seen by the seeker, allow- 
ing it to recenter on the target. This Is an unlikely situation even for missiles 
launched at large angles off the tall since presently operational alr-to-alr 
missiles have maximum tracking rates of about 8 to 10 degrees per second. 
As long as the speed and direction of both missiles und target do not change, 
the missile seeker need only track at a Jow rate after the missile is on a lead 
collision course. This suggests the possibility of constructing missile seekers 
with low maximum tracking rates as a counter-countermeasure against flares 
which have # large component of velocity perpendicular to the Hne-of-sight 
to the misalle However the maximum tracking rate would have to be suffic- 
lently high to allow the missile to foliow any evasive maneuvers which the 
target wircrafi might attempt. 

If the missile is locked on the target and is to follow a launched source, 
the missile Is required to track actively. As the separation rate of the source 
Increases, as seen Ly the missile, somewhat greater tracking signals are 
required, which means that more intense sources are needed. The relation- 
ship between relative source intensity and separation cate is shown in Figure 
22-3. 

These difficulties indicate that the separation rate of target and decoy 
source should be small, On the other hand, however, the separation rate must 
be great enough to provide a safe miss distance between fare and target as 
the missile approaches the Mare, If some form of radiation shielding is used, 
Which narrows the radiation patiern of the target and forces the enemy to 
wetack at smali lead angles, the countermeasure problem is almplified con- 
siderally since such carefully controfled separation rates are no longer re- 
quired. The shieiding problem is discussed more fully later in this chapter. 

Another factor of inportance in the dispensing of an loafrared countermea- 
sure source is the build-up time of the source to full intensity. Dt is important 
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Fiovex 22-3) Relatlonship between decoy and target Intensity (Reference 3) 


that the source reach full intensity while It and the target are still unresolved 
by the seeker system. This Is due to the fact that seeker systems are often 
designed so that a source far from the center of the fleld of view ts less 
effective than a source of the same Intensity necrer the center (see Figure 
21-11). Another reason for the source to reach full intensity while near the 
center of the field of view Is that a source near the edge of the fleld may 
move completely out of the field of view before the seeker can shift over to It. 

In some of the early tests of pyrotechnic flares, ignition teok place after 
the flare had been ejected from the launching tube. It was found, however, 
that at high altitudes flares frequently did not ignite. This is probably due 
to the cooling caused by the rapid expansion of the combustion products. 
his problem was solved by Igniting the flare while it was still confined {n 
the launching tube and allowing it to be expelled by the gases produced by 
the chemical reaction. ‘This also guarantees that the flare reaches full inten- 
sity while In the immeditte vicinity of the target. The fare is launched within 
afew milliseconds after the squib has been activated. 

Two other important factors to be considered in the tactical employment 
of infrared countermeasures sources are the burning time and launching in- 
terval, Hf a sufficlertly accurace and rellable missile launch detector or engage- 
ment warning system were available, the countermeasure source should be 
launched as soon as possible after the enemy missile has been launched. This 
would give the countermeasure source the maximum amount of time to act 
on the enemy missile after the source could be resolved as separate from the 
launching aircraft, The burning tlme of the flare snould be at least as long 
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as the expected flight tlme of the missile. This would Insure that the missile 
could nat lock back into the aircraft after the flare had burned out. 

In the absence of a inissile launch detector, if ft is known that an enemy 
Interceptor alrcraft {is in a position from which Infrared missiles might be 
launched, the time interval between successive flare launchings should aot 
be greater than ty — ¢,,, wnere ¢» is the Gare burning time and /,, Is the time 
required for the flare to reach a distance from the alrcraft which would 
represent a safe missile miss distance. This means that one flare «&lways 
reaches 4 safe missile distance before the preceding flare burns out. The 
safe raissile miss distance depends on the fuze and warhead. It should be at 
least 20 or 30 feet from the nearest part of the alrcraft for a contact fused 
missile and greater for a missile equipped with a proximity fuze. 

if the quantity ty — ¢, previously mentloned is much greater than cither 
the missile flight tlme or the expected Interval between missile leunchings, 
one of these latter two quantities, whichever Is less, should be the controlling 
factor in determining the countermeasure source Jaunching interval. The 
minimum Interval between missile launchings would probably be determined 
by the burning time of the rocket motor (approximately | to 1.5 seconds for 
U.S. air-to-air rockets) since the launchings of a misaile before the rocket 
motor of the previous one has burned out would allow the latter missile 
seeker to track the missile preceding It. 

A countermeasure source burning time of 8 to 12 seconds at an Intensity 
which ix dominant over the aircraft seema adequate. if the average separa- 
tlon velucity of such a flare during the first second is of the order of 100 feet 
per second, a launching Interval of from $ 10 10 seconds should be satia- 
factory. 


22.3 Flare Dispensing Equipment 

ixperimental flare dispensers (Reference 7), suitable for use on subsonic 
wircrafe have been built, The basic unit is a flare battery of (Figure 22-4) 
dimensions §5'4 & 12 K 12% inches consisting of 17 tubes or flare con- 
talners Fach tube can contain from one to five flares depending on their 
lengths. Firing squibsa, as shown In Figure 22-5, are placed along the length 
of each tube and are used for firing the flares in sequence. The flare battery 
is expendable and fits into a box which is permanenily mounted flush with 
the surface of the fuselage. Electrical connections are made automatically 
when the battery is plugged inte the box. An Intervalometer within the air- 
craft is provided so that the total number of flares and the time Interval 
between their firing can be controlled. The tubes are made sufficiently strong 
to prevent any damage if one of the inner flares should accidently ignite 
before the outer ones had beer expelled. 
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Figunr 22-4 Flare dispenser battery Fiourr $2-5 Fiaee containers sihowlng 
firing squib convections 


22.4 Problems Involved When Devices Sensitive to Longer Wave- 
lengths are Useil 

The previous discussion assumed missiles with seekers sensitive in the 
2 to 2.4 micron (PbS) band. The following computations illustrate the In- 
creased requirements which will be placed upon countermeasure sources when 
longer wavelengths are used. 

Suppose the tazget is a B-47 whose tall pipe radiation has the spectral 
distribution of that from a graybody at 425°C with a total output over all 
wavelengths of 4200 watts per steradian, A graybe'y (or blackbody) at 
these temperatures will have 5.4 percent of fts output in the 2 to 2.8 micron 
band. The intensity of this source in the : . 2.8 micron band Is therefore 
227 watts per steradian, 

Now suppose a countermeasure source has a total output over all wave- 
lengths of 2000 watts per steradian and the spectral distribution of a gray- 
body at 2300°C. A graybody at this temperature has 16.7 percent of Its 
output in the 2 to 2.8 micron spectral region. Its output in this wavelength 
bund !s therefore 334 watts per steradian. If the seeker system were sensitive 
only in the 2 ta 2.8 micron band, this source might be an adequate counter- 
measure, 

Now suppose the same target was being tracked by a missile whose seeker 
had its sensitivity in the 3 to 6 micron band. Tne 425°C graybody target 
would have 43.8 percent of its output in this region. The intensity in the 
3 to 6 micron region would therefore be 1840 watts per steradian. The 2000 
watts per steradian, 230C © countermeasure source, would have 12.7 percent 
of its output In the 3 to 6 micron region. Its intensity in this spectral region 
would then be 254 watts per steradian, Thus this source would be entirely 
inadequate when used against a missile whose seeker is sensitive to the 3 to 6 
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micron band. The situation might be slightly worse than outlined above since 
there would also be some 4.3 micron CO, plume radiation to which the longer 
wavelength seeker would reapond. 


22.5 Low Temperature Decoy 

The brief analysis of Section 22.4 points out the need for a suitable low 
temperature decoy (Reference 8), j.c., one whose temperature /s close to that 
of the target. This type of decoy has an inherent disadvantage, however. 
Since its temperature is much lower than the sources previously discussed, 
its radiating area must be much greater in order that {ts output be sufficientiy 
large. It has been proposed that such decoys could be launchea from a 
bomber or decoy bomber and be supported from « smal! parachute. The 
system might also be equipped with a collapsible corner reflector which 
would unfold on jaunching end allow the devices to act on w radar counter- | 
measure us well. One of the chief problems appears to de the difficulty of | 
carrying enough such sources on board an aircraft. The scurces have to be 
quite large to provide enough radiating area and to allow a sufficiently long 
burning time. Since these sources would remain suspended for a considerable 
period of time they should have a correspondingly longer burning time than 
flares or Balls of Fire. 

One of the chief reasons why a iow temperature decoy may become very 
Important is that it is possible to build seekers which reject sources whose 
spectra! distribution is greatly different from that of the target. 

The two-color chopper or reticle is an example of such a device. Such a 
chopper might consist of a wheel of disc composed of alternate sectors of 
two different materials of characteristics auch that predominantly short 
wavelength radiation, like that scattered from the sky or clouds, would be 
transmitted equally by each material, Thus, very little modulation of the 
cell signal would be produced. Now suppose a source such as a fet engine 
tail pipe with tts radiation peak around 2 or 3 microns were viewed. The 
transmission characteristics of alternate sectors would be Guite different for 
this source and a strongly modulated detector signal would result. Some 
high temperature sources would thus be very Ineffective against a secker 
equipped with a iwu-.uior chopper. 


22.6 Active Sources Attached to the Airera!t 

While tests and experience have shown that active sources dispensed from 
the aircraft are more effective infrared countermeasures than sources per- 
manently attached, brief mention will be made of two other infrared counter- 
measures techniques invelving uctive sources, ‘These are the blinker counter- 
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measure and the towed decoy (References 9, 10, and 11). Briefly, the blinker 
technique Involves strong sources placed at the wingiips of an aircraft which 
can be turned on and off at a suitable rate to produce large disturbances In 
the path of the missile, In addition to this two dimensional scheme, several 
three dimensional schemes have been proposed, These are: 1) infrared sources 
on both wingtips, on the top of the vertical fin and at the lowest extremity 
of the bomber fuselage, 2) same as case i) except that the lower source Is 
mounted on an derial paravane suspended below the bomber, and 3) a slngle 
infrared source mounted on a controllable paravane which can be made to 
revolve about the longitudinal axis of the bomber. 

In the two dimensional case mentioned above the maximum possible miss 
distance might be reasonably large, but since the miedle would be caused to 
cross from one aide to the other of the direct path to the bomber, direct hits 
could still occur, The three dimensional system would cause the missile to 
fly a splrat trajectory missing the target at all positions. 





Ficuns 22-6 Blinker ayatem with sources of wingtips of 
mircraft (M-37) (Keference $2) 


Figure 22-6 shows how two wingtlp sources might be employed on a B-47 
vlrcraft (Reference 12), Each source would need tuo be cf sufficient intensity 
to capture the seeker of the missile when the percticular source is turned on, 
Such sources would require a large amount of power. The additional weight 
and drag of such sources would also be a handicap. A further difficulty is 
involved in determining the proper nodulation or blinker rate. The most 
effective value for a particular missile will depend on its dynamic character- 
istics. Since Infrared alr-to-alr missile have narrow fields of view( appros- 
imately 2° to 3°), the missile ll reach a range where only one 
bunker will be in dts field of vlew. At this range it will see one blinker go off 
but will not see the other blinker go on. Since at least one engine will prob- 
ably still be in its eld of view, the misshe would probably still home on this 
engine with only minor perturbations belng produced in the path of the 
missile by the blinker, 

The three dimer-ional biinker system mentioned above would possess 


J 
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essentially the same disadvantages us the two dimensional system using 
sources on the wingtips. 

The spiraling paravane carrying an infrared source would be # serie’ 
acrodynamic handicap to the towing aircraft, would require a large amount 
of power to operate the Infrared source, and would also require a knowledge 
of the dynaraic characteristics of the enemy seeker, 

Another active countermeasure technique on which a considerable amount 
of development work has been done is the towed decoy (Reference 13). ‘This 
system differs from the spiraling paravane mentioned above in that it does 
not spiral and iy actually a small delta wing towed glider. ‘This glider would 
probably be towed behind the atreraft at a large distance, 

There are a number of disadvantages to such a system; some of the more 
important are: |) the aerodynamic handicap and drag; 2) the placing of the 
decoy at the proper level with respect to (ie towing alrcraft would have to be 
done very carefully, so that should a missile strike the decoy, the missile or 
fragments from it would net damage ihe eircraft: and 3) the towed decoy 
would protect against oniy oie malsaile firing if the missile actually hit the 
decoy. 

In view of the difficulties discussed above it does not appear that) the 
blinker countermeasure or the towed decoy are feasible as infrared counter- 


MySRAUres, 


22.7 Shielding of Jet Engines 
The spatial distribution of the radiation from the aperture of a blackbody 
follows a cosine distribution. That is, the Intensity in any given direction Is 
proportional to the cosine of the angle made between the direction in’ ques- 
tlon and the normal te the aperture as shown 
in Figure 22-7, As hes been shown in Figures 
21-12, 21-13, and 21-14, the radiation from 
the tail pipe of a jet engine approximates that 
Of a blackbody in both spatial and spectral 
' distribution. It is conceivable, therefore, that as 
tail pipe extension or shield could be used 
with a jet engine which would Hmit the solid 
angle from which the hot metal parts could be 
“seen” by a detector, The shield) would: only 
be useful in reducing the effective radiation of 
the het metal parts of the engine. Since the 
plume radiation results fram the hot gases aft 
of the aircraft, the shield does not reduce their radiatlon outputs. [tis esti 
mated, however, that only about § percent (Reference 14) of the radiation 
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output of the aircraft in the lead sulfide sensitivity region originates from 
the plume. Furthermore, the plume radiation decreases rapidly with 
altitude, 

Several requirements must be placed upon such shields if they are to be 
effective, One of these Is that the shield itself must be kept cool both Inside 
and out. The other important requirement is that the interior of the shield 
must have a low retlectivity in the spectral region of interest. These two 
requirements are somewhat contradictory since a low reflectivity (Le. a 
“black’) surface will be a good absorber of radiation and its temperature will 
rise. If the internal reflectivity of the shield is high it will simply reflect the 
interior of the blackbody cavity, acting as a ‘light pipe’ and wil? produce 
very little change in the radiation pattern 

Some simulation work has been done to evaluate the effectiveness of such 
shields (Reference 15). ‘The source in these experiments consisted of an 
acetylene burner into which a metal slug had been placed to simulate the hot 
turbine blades and interior parts of the Jet engine. ‘The combustion products, 

CO, and H,0 approximated 
thore of an actual jet engine. 
igure 22-8 shows the radiation 
ti pattern of the burner with nu 
shield, [¢ can be seen that the 
pattern as seen by both PbS and 

, PbTe detectors kre close to co- 

pe—, sine distributions, The fact that 

, the patterns for PbTe and PbS 
© ee aetna are so sindlar indicates that 
© Puls dete there is little contribution from 
the gaseous plume, The PbTe 
detector js sensitive to about 
5.5 microns and thus Includes 
the 4.3 micron emission) band 
of COy. Hf there were a large 
contribution from the plume the two patterns would show greater differences. 
Using the PbTe detector, the pattern was measured at 400 C, 500°C, and 
600°C with verv little change in spatial distribution, although, of course, 
the output Increased rapidly with temperature. 

Figure 22-9 shows the effect of radiation shields on the pattern as measuied 
with a PbTe detector, The pattern of Figure 22-9a was obtained using a 
shield whose internal reflectivity was approximately zero and whose length 
was one half of its diameter. Here the intensity of 3t degrees has dropped 
to one half of its maximum value. Figure 22-96 shows the resulting pattern 





Fiaune 22-8 Radlation pattern of jet almulator 
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for a shield whove Internal reflectivity was approximately zero and whose 
length was equal to its diameter. Here the intensity at 20 degrees has dropped 
to one half Its maximal value. In both cases the temperature of the shield 
was kept sufficiently low so that It did not radiate appreciably. ‘Fhese plots 
show that an appreciable narrowing of the radiation pattern occurs, Although 
the measurements shown in Figure 22-9 were made using a» PbTe cell, the 
effectiveness of the shields in the PbS region would be at least as great since 
the PbS cell would “see” a simaller fraction of the plume radiation. As 
mentioned before, the plume radiation is small. 

If such a shield were to be used on an aircraft, some sort of forced cooling 
would have to be used on the outside of the shield to carry away the heat 
absorbed by the black Inside wall. This could be acconiplished by having a 
concentric outer cylinder surrounding the shield with alr being forced 
through the space Letween, This air could elther be ram alr picked up by 
scoops at the front of the engine or alr which Is obtalned from the compres- 
sor, It has been estimated that the use of such a system, capable of keeping 
the wall temperature at about 300 C would cause a performance penalty of 
only about 3 percent (Reference 16) in the range of the aircraft. Hf the 
shield were at a temperature of 300 C, the peak of the blackbody radiation 
originating from it would be approximately 5 microns, This would probably 
be cool enough ior missiles with lead suitide seckers. For missiles wiih longer 
wavelength seekers some additional cooliny would probably be desirable. 

The use of radiation shields as an infrared countermeasure technique offers 
several attractive features. Among these ure: 1) The shield provides contin- 
uous protection and does not have to be “turned on" when an attack is im- 
minent. 2) The presence of the shield forces the enemy to launch his missiles 
at smaller angles to the target aircraft axis, An especially important advan- 
tage in this connection js that the use of shields minimizes the danger of a 
“snap up” attack (ie. the firing of a missile from an altitude considerably 
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less than that of the target bomber), thus requiring the enemy to expend 
more fuel and tIme in gaining an altitude from which the attack can be 
made. 3) The aerodynamic penaity caused by the shield and its cocling 
system js not excessive. 4) The greatly narrowed cone of radiation aft of the 
aircraft gives it a chance to avold the missile by an evasive maneuver. 


22.8 The Use of Smoke Clouds as an Infrarecdi Countermeasure for 
Aircraft 

The use of smoke dispensed from an aircraft has been proposed as an in- 
frared countermeasure. Considerable experimental werk has been done on 
this subject (Reference 17). Although it has been shown that smoke puffs 
and clouds can cause an infrared seeker, foilowing an aircraft, to break lock, 
the proper conditions for the use of smokes are difficult to realize. First, to 
be effective the smoke must fill a reasonably large solid angle behind the 
alreyaft, say 20° to 30°; secondiy, tha smoke muni be of carefully controlled 
particle size to have its maximum scattering effeciiveness in the proper spec- 
tral region and must also be of sufficient density. Smokes dispensed from 
aircraft tend to trall out in a very narrow beam, providing no protection 
against missiles Jaunched outside of this narrow angle. Due to the relatively 
broad radiation pattern of :n aircraft and scattcring of this radiation by a 
narrow cone of smoke behind it, it {s possible that the radiation reaching the 
missile may actually be Increased, making the alrcract more vulnerable. 
Particle size is also difficult to control. This means that much of the smoke 
produced will be an Ineffective scaiterer, 

The welght of chemicals which have to be carried on board the aircrait 
to produce an effective smoke cloud, filling a sufficlent volume (assuming 
such a cloud could be produced), is probably far greater than the weight of 
pyrotechnic flares required to give an equivalent amount of protection. 

The use of smoke puffs as scatterers of suniisnt to decoy missiles has also 
been proposed (Reference 19). The difficultles involved in the use of screen- 
ing smoke clouds discussed above also apply here, Other shortcomings of 
thie technique are; 1) the radiation scattered from the smoke cloud would 
be largely rejected by the seeker due tu iis space filtering and spectral filter- 
ing features; and 2) this scheme could be used only in the daytime. 


22.9 Infrared Countermeasures for Ground Inetallations 

The protection of ground Installation against surveillance or attack by 
infrared controlled devices involves problems wolch are quite different from 
those involved In the protection of aircraft. As mentioned in Chapter 21, 
ground targets are usually at lower temperatures than aircraft targets and 
therefore longer infrared wavelengths are involved. Also, ground targets are 
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usually spread out over a large area, where certain amall regions (such as 
those containing blast furnaces or power plants) have very different radiation 
characteristics from the remainder of the area. In the case of ground targets, 
atmospheric attenuation and weather conditions are much more important 
factors than jor the air-to-air situations. 

Two methods which have been mentioned for the protection of ground 
installations against infrared devices are the use of decoy rarllation sources 
and the use of cumoufiage techniques. Both have severe limitations. Since 
the ground target as a whole usually covers a considerable area and consists 
of various types of sources, {it is difficult to simulate. 

Camouflage techniques would Involve the use of coverings or paints with 
controlled emissivities which would compensate for the temperature and 
emissivity differences of terrain and objects on the ground. By this reduction 
of contrast, detection would be made more difficuli. 

The most effective means for the protection of ground installations appears 
to be the use of screening agents. A considerable amount of development 
work has been carried out relative to the production and evaluation of smokey 
for this purpose, This techalque also involves certaln problems as the follow- 
ing analysis shows. 

Von Mie and Blumer (References 19 and 20) nave developed a theory 
for the scattering of radiation by simpie particles for the case where the par- 
ticle size and radiation wavelength are comparable. As long as It can» as- 
suined that the particles of a cloud act Independently, that the incident radla- 
tion is collimated, and that no scattered radiation reaches the detector, this 
theory can be used to compute the attenuation produced by a cloud of unl- 
form sized particles. This leads to the ;ollowilng equation: 


f/ly == exp —kwarni (22-1) 
where 
/ == transmitted radiation 
f, <= Incident radiatles 


A = the scattering coefficient which is a function of the 
Gielectric constant of the material and the ratio of 
particle radius to waveiength of the radiation 
a the particle radius 
n pumber of particles per unit volume 
! path length 
It is convenient to eliminate the number of particles per unit volume, n, 
from Eq (22-1). This can be done In the following manner: 
Let e, be the mass per unit volume of the smoke cloud and ¢ be the density 
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of the smoke material. Then the mass of a single particle will be 4xa%e/3 
and the number of particles per unit volume will be 3¢,/4aa"e, Equation 
(22-1) now becomes: 


[/ly =: exp — 3ke,l/4e¢ (22-2) 


ife, and / are kept constant, then for a given material, the transmitted frac- 
tion ///y or Its reciprocal, the attenuation factor, /y// is a function only of 


the scattering coefficient & and the particle radius a. ‘She scattering coefficient 
itself isa function of the ratio of the particle radius to the wavelength. In 
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Fiourr 22-10) Scattering fonction, & plotted ax a function of 2,a/% 


Figure 22-10, & is plotted asa function of 2aa/d for particles whose dielectric 
constant is 1.5. It can be seen that successive maxima and minima occur as 
the ratlo @/A Increases. Figure 22-11 shows the attenuation factor, /y//, 
plotted as a function of wavelength for particles of three different sizes. For 
the particles whose radius is 0.65 micron, the maximum attenuation factor 
jy greater than 100,000 and this maximum occurs for radiation whose wave- 
length ix approximately i micron, For radiation whose wavelength is 5 
microns or beyond, the attenuation factor is aimusi geio. On ihe other hand, 
for particles whose radius Is 2.6 microns, the maximum attenuation occurs 
at about 4 microns, but has a value of enly about 20. These curves show, 
therefore, that as the wavelength Increases, not only must the particle size 
incre, se but either the smoke density ¢,, or the pathlength / (or both) must 
increase greatly If one is to maintain a constant attenuation factor, This 
analysis ilustrates some of the difficulties invalved when one attempts to use 
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Fioury 22-11) Attenuation factor versus 
wavelength for clouds made up of three 
Afferent sized particles 


a smoke cloud as an attenuation medium where long wavelength radiation Is 
involved. It shows that a smoke screen which is effective in screening a ground 
installation ayainst visual observation might be entirely Ineffective for radia- 
tion paasing through the 4.5 to § and 8 to 13 micron atmospheric windows. 
This was found from experiments to be the case (Reference 2!). When field 
tests and laboratory measurements were made on conventional smokes, such 
as those produced from chlorosulfonic acid and fog oll, they were found to 
become Increasingly transparent beyond wavelengths of avout § microns. 
These tests and experiments confirmed the computed results, namely that 
esokes of considerably larger particle slze would be neccesary for use at the 
wavelengths involved in the radiation from ground targets. if conventional 
materials were used, the settling rates of these larger particle size smokes 
would probably be too great. One of the important requiremen's of a smoke 
ls thet it stay suspended for a reasonably Jong period of time. 

experiments were performed in which plastic foams were produced in the 
form of clouds of particies. One technique, which was successful, Involved the 
use of a gas turbine engine. The plastic resin and catalyst wer. sprayed 
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separately Into the Algh temperature region of the gas stream, Sepurate 
(Reference 22) polymerized particles were formed which were dispersed into 
the atmosphere by the gas turbine engine exhaust. Measurements showed 
many of these particles to have diameters in the 20 to 25 micron range. 
Qualitatively, these smokes were found to cause considerable attenuation 
although it has not been possible to make quantitative measurements due to 
the difficulty of maintaining a constant pathlength in the smoke and to tne 
fact that the density of the smoke cloud chunges rapidly. 

Although it does appear that ft would be possible to provide an appreciable 
amount of protection for ground installations by smoke of this type, there are 
serious practical limit. io «, The chief one of these is the problem of produc: 
ing enough smoke to cover a lerve area, since the cloud tends to disnipute 
rapidly, Another problem fs that may of these materials are of a toxic nature. 


22.10 Engagement Warning System 

For the most effective use of maneuvers and uf any active countermeasures, 
le. one in which material ls launched from the aircraft or otherwhe con- 
sumed, some sort of warning or alarm system indicating that a missile has 
been launched ix necessary. Warning systems are essentially passive search 
devices which operate by means of the radiation emitted by the rocket motor 
of the missile. The passive warning system in at a disadvantage, in that It 
must detect the approaching missile from the nose-on aspect. This is the 
Hroction in which the missile body and rocket nozzle provide a shield agzinst 
most of the radiation. However, since the rocket plume extends aft of the 
misaile and has a diameter somewhat larger than that of the missile, there 
is a substantial amount of radiation from the rocket in the forward aspect. 
Tables 21-1V and 21-V show the outputs of several typical alr to alr rockets 
in the 1.8 to 2.8 and 1.8 to 7 micron regions of the infrared and In the 2600.4 
to 2900.\ region of the ultraviolet. 

The ultraviolet radiation emitted by the rocket during the period that the 
rocket motor is burning might also provide a means for detecting the ap- 
proach of the rocket by its intended target. The ozone layer (which has its 
maxhnum concentration around 80,000 feet, see Figure 22-!2) fortunately 
provides a natural filter to remove most of the Interfering solar background 
radiation when s wavelength of about 2550.\ is used (see Figure 2Z-i3). 
The problem of designing a detection system which is sufficiently sensitive at 
2550.\, but which Is completely insensitive on the long wavelength side of 
about 2800 or 2900.\ Ix severe, Since the so-called “solar blind” detectors 
which have been developed have too large a sensitivity at the longer wave- 
lengths, a suitable filter to be used in combination with the detector is 
necessary, Filters consisting of thin evaporated Hlms of potassium enclosed 








INFRARED COUNTERMEASURES TECHNIQUES 22-19 





om ee eo of 0 ot ome — 2 208=—lo Hoa =e od 
Orene tenesntretie. om ‘im ET ppevaiaen gee | AS 


Fiovmy 22-12) Oxone concentratlon as a  Ficurn 22-43 Absorption of ozone In the 
function of althtude (Reference 23) ultraviolet spectral region (Reference 23) 


between two quartz plates have been made. Theae filters transmit reasonably 
well at the required wavelength but do not have a sufficiently sharp cut-off 
toward longer wavelengths. 

The principal drawbacks Involved in the use of ultraviolet radiation in 
engagement warning systems are listed below: 


1) The best detectors which have been developed have tuo greai a response 
outside of the ozone absorption band. 

2) The beat filters available do not have a sufficiently large ratio of trans- 
mission in the desired region to that at longer wavelengths. 

3) At altitudes above about 40,000 feet the concentration of ozone in the 
path between missile and detector becumes sufficiently great to cause severe 
attenuation of the signal. 

4) If ultraviolet wavelengths outside of the ozone absorption band were 
used the scattered solar radiation would cause a very serious background 
problem. 


Several infrared systems for missile launch detection exist (Reference 24). 
One oi these cutisisia of two search sets, one mounted at the top of the vertical 
fin of the aircraft and one below the fuselage. Each search set consists of a 
dome of Infrared transparent material such as arsenic trisulfide glass con- 
taining several detectcrs, each of which will observe a different sector in 
elevation. The dome and the detectors rotate at a rate of a few revolutions 
per second, Hf a signal is detected, its approximate elevation can be deter- 
mined by noting the cell on which it was received; the azimuth can be 
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determined by the angular position of the scanner at the time of signal 
reception. One of the problems involved here Is, of course, the difficulty of 
distinguishing the radiation of a launched rocket from the forward aspect 
radiation cf the launching aircraft. Since the rocket exhaust is at a temper- 
ature considerably higher than that of the aircraft exhaust, the possibility 
of using a spect. * filtering technique exists. The rocket radiation builds up 
and decays rajidly; thus there is also the possibility of using a time or puise 
length discrimination technique. 

Another system uses four detectors looking into the four quadranis aft of 
the aircraft, This system, upon the detection of a signal indicates only the 
quadrant from which the attack is being made. 

Systems of this type will not Indicate whether the object detected Js an 
infrared guided weapon, a radar guided weapon, or an unguided rocket. The 
system simply indicates that countermeasures should be initlated. Since the 
time which elapses between the firing of an alr-to-air missile and its reaching 
a position beyond which It cannot be deviated sufficiently from its path Is 
very short, some sort of automatic device for the commencement of counter- 
measures activity will probably be necessary. 


22.11 Integration of Infrared Devices With Other Electronic 
Countermeasures 

There are several reasons why a completely Integrated countermeasures 
system on an aircraft is desirable. Among these are: 1) A saving In power, 
space, and weight can be achieved since some of the auxiliary equipment re- 
quired may serve more than one type of countermeasure. 2) In a penetration 
mission, It is likely that several types of countermeasures wil! be needed 
slmultaneou.ly. In 4 integrated system, a minimum of interference and con- 
fusion would est’ = ') Some techniques such us those used for flare and 
chaff dispersing 1 be quite “imilar. 4) With a single system, a minimum 
number of opera.’ ig personnel in the aircraft would be required. 

At present a development project is under way to develop a completely 
integrated countermeasures system for the B-52 aircraft (Reference 25), 
One of the infrared requirements specifies, for this system, flare batteries 
consisting of SI flares euch (probably 17 tubes containing three flares each). 
At present it is specified that each flare should have a i0-second burning 
time with an output of 3000 watts per steradian in the 1.8 to 2.8 micron 
region and $000 watts per sveradian output in the 3 to 5 micron region. The 
Hares will probably be of the magnesium Teflon (Flora) type. An infrared 
warning receiver is also called for in this system. The complete specifications 
of this receiver are not available. Tt is specified, however, that the system 
noise of this device should be kept down to b> 10" watts per square cen- 
timeter in terms of equivalent radiation signal. 
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Underwater Acoustic Countermeasures 


R, T. MeCANN 


25.1 Introducilon 

The ocean presents a poor environment for the propagation of electre- 
magnetic waves. Thus, underwater communication and detection must rely 
on other forms of energy propagation. Acoustic energy is most commonly 
used, In both the sonic and ultrasonic frequency ranges. For communica- 
tions, the energy is either keyed, transinitted as a volce modulated carrier, 
or transmitted by some secure method. Detectlon !s accomplished by elther 
listening for noise emanating from the target or the reflection of an acoustic 
pulse by the target. The word SONAR Is used to describe, in general, the 
detection and tracking of underwater targets, whether by passive listening 
or by actively transmitting and receiving pulses. Sonar systems are employed 
by aircraft, ships, and acoustic torpedves tc detect, track, and attack water- 
borne targets. 

It is apparent that some means are necessary to deny an enemy the in- 
formation required to press home an attack on our ships, either surface or 
subsurface. The most effective means would be to deny the enemy all possi- 
bility of detection; however, this is not feasible, It becomes necessary, there- 
fore, to reduce the target to a minimum and thereby increase the detection 
problem for the enemy. Similarly, means must be provided to lessen his 
attack capability when detection is considered probable or certain, Sub- 
marines have an advantage over surface ships in that they can take ad- 
vintage of the natural characteristics of the ocean environment as well as 
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their own ability to operate quietly for a limited time. Also, a submarine 
can generally detect a surface ship at greater range than the submarine can 
be detected by that ship. When the environment and tactical operation of the 
ship fall to provide adequate protection, a countermeasures system becomes 
vital to survival. Such a system must provide the knowledge thet one {s 
under surveillance, the means to break contact, and an alternative target or 
decoy. 


23.2 Functions and Operational Concepts 

A countermeasures system has three general functions: intercept, jamming 
or masking, and deception. These functions are normally performed in the 
same order as listed. Intercept occurs first since it Is necessary iv Know that 
one is under surveillance and that further action may be necessary. It is 
usually desirable to break the sonar contact to force the enemy to renew the 
search and, also, to deny him a direct comparison between a true target and 
a false onc. Finally, to escape or set the enemy up for counter-a‘tack, it is 
desirable to provide a false target or decoy, acoustically similar to the true 
target. 

The above sequence is more useful to a submarine than a surface ship 
since the Iatter is subject to visual and radar detection as well. Since such Is 
the case, countermessures in the form of maskers or decoys are frequently 
employed on a full time basis by surface ships when In an area of known or 
expected submarine activity, Since echo ranging would be carried out In such 
arcus anyway, little, if any, advantage is lost by streaming an additional 
sound source. 

Generally, it Is considered undesirable for a submarine to make its 
presence known before an enemy has assured contact. On the other hand, 
too great a delay in taking countermeasures action may be fatal. Thus, the 
commanding officer of a submarine is faced with the dilemma of positively 
classifying himself or risking destruction. Only experience and confidence 
in the countermeasures system can develop the efficient employment of such 
a system, Where countermeasures are employed in offensive operations, such 
Ws penetrating a convoy screen, decoys should be Jaunched from outside the 
detection range of the screen in such a manner as to cause a redeployment 
of the screening force, The submarine shouid find it easier to penetrate the 
weakened screen, 

One approach to countering the enemy is to deny him the opportunity to 
launch a weapon Thus, fa surface ship can detect and destroy a submarine 
beyond the submuarine's weapon range capabilitles, weapon countermeasures 
ure not necessary, Similarly, a submarine that can deny a fire control solu- 
tion to the enemy does not have to worry about the weapon, However, 
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optimism of this nature can be fatal end weapon countermeasures should 
be a part of any such system. The first indication of an enemy's presence 
might be the detection of a weapon. In such a case, the tlme for action is 
short and the countermeasures syatem must be capable of immediate employ- 
ment. Accordingly, surface ships frequently employ countermeasures on a 
full-time basis for certaln swezpon types and rely upon the ability to Inter- 
pose countermessures In time between the weapon and the ship for other 
weapor, types. Submarines, on the other hand, do not enjoy the privilege of 
emitting much nolse. Therefore, a submarine countermeasures aystem must 
be In a standby condition such that [t can be put into operation by pushin, 
a button, or even autcmatically, based upon signal level. 


23.3 Functional Relationships 

Although little has been done to develop an Integrated acoustic counter- 
measures system for either submarines or surface ships, such an approach 
appears to have definite advantages over the individual equipment approach. 
Surface ships, for example, rely on echo-:anging sonar to detect enemy sub- 
marines and torpedoes. Any towed nolsemaker Increases the background level 
through which the sonar operates, thus decreasing its detection range. Alter- 
nate operation of the sonar and nolsemaker partially solves that problem. 
However, when a broadband receiver is added for Intercept purposes and if 
all equipments a.e to be used efficiently, the problem becomes quite complex. 
Further complications arise when an expendable masker or a discrete fre- 
quency jammer is placed in the water. A similar situation exists for the sub- 
marine. Although the background noise problem {fs not so great, the submarine 
must still detect and track the attacking ship and Its weapons, take counter- 
measures action, and escape. 

Since nenacoustic methods of detection are presentiy unable to detect a 
submerged submarine (although research being conducted In this area may 
prove effective) and since the modern submarine is essentially a true sub- 
mersible, more at home under water than on the surface, it {s apparent that 
acoustics provide the only ready approach to detecting and destroying sub- 
marines. Submarines, therefore, should be primarily capable of countering 
ncoustic detection and attack. 

The submarine platform will be used here as the basis for developing a 
countermeasures system and showing the functional relationships of the sub- 
systems. Figure 23-1 shows a functional block diagram of such a system. 
The Intercept subsystem provides the knowledge that the submarine ts under 
active sonar survelllance. The received sonar signals are analyzed and dis- 
played by the next subsystem. This display also presents information from 
the listening or passive sonar to permit the trucking of nolsy targets, The 
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Fioure 23-1 Countermeasures System Functlanal Block Diagram 


analyzed signal data are fed to the controls of both the mounted and ex- 
pendable jammers setting the Jammers on frequency. In the presence of slg- 
nals of different frequencies, the Jammers could be set to transmit on a 
time-shared basis, giving preference to the signal considered to be the greatest 
thrent. At such time as it is desirable to jam, the mounted jammer would be 
activated. Upon activation, a signal feeds the Intercept receli :r causing 
blanking of the portion of the frequency band being jammed. Thus, the 
receiver can still accept signals in the remainder of the band. In the mean- 
time, the expendable units are armed, programmed, and readied for launch- 
ing. Launching readiness is relayed from the launcher to the launch!ng con- 
tral. Upon release, the expendable jammers commence transmitting and the 
mounted Jammer is secured. Since the jamming signal is the same from both 
jammers and the location of the sources essentially the same, the switch 
should po undetected, 

The submarine is now free to maneuver to take advantage of the maneuver 
program set into the jammer vehicle. One or more decoys would now be 
launched from behind the jammer screen, giving the enemy a realistic sub- 
Inarine ' rget. This decoy target would be programmed, as was the jammer, 
by the launching control. The program would be set to lead the enrmy away 
from the submarine such that the jammer screen remains between the sub- 
marine and the enemy, Small hovering Jammers and decoys can also be 
launched to provide additional false targets should the enemy fail to classify 
the decoy as a target. 


23.4 Functional Integration 
It is apparent that integration of the functions of the various components 
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is necessary tu provide ready response tu a threat with a minimum of equip- 
ment. Feeding the jammer from the receiver eliminates the need for a separate 
recelver associated with the mounted jammer. Similarly, a feed from the 
passive sonar eliminates the need for this function !n the intercept recelver, 
The self-propelled vehicles would be designed to perform either the Jamming 
or decoy function, reducing the number of vehicles carried and increasing 
their flexibility. 

Intercept louk-through, by blanking out the jammed portion of the fre- 
quency spectrum, has not been previously incorporated in elther the hypothet- 
ical Intercept recelver or the receiving section of the hypothetical jammer, 
The jJammers have been designed with a receive-transmit cycling arrange- 
ment so that frequency shifts could be followed. However, there was a delay 
in following the shift equivalent to the transmitting time retnaining in a 
particular cycle. The look-through feature {n a countermeasures system will 
permit the following of frequency changes much more rapidly. 

Some knowledge of the range to the enemy is necessary to Inteliigently 
make tuctical decisions based upon the probability of having been detected. 
Presently an estimate is made based upon the intensity of his noise cutput 
and the repetition rate of his sonar. However, this does not provide accurate 
information, Passive ranging sets have been developed, but the complexity 
ix such that thelr Incorporation in the countermeasures syster would be of 
questionable vatue, particularly since they operate on nolse rather than sonar 
echoes (pings). A triangulation ranging system with a base line along the 
length of the submarine is Iimited in accuracy to short ranges normal, or 
nearly normal, to the base line. Its vaiue is also questionable since sonar 
ranges have increased along with the ranges from which weapons can be 
delivered. Passive ranging underwater by the use of different signal paths 
may provide the sulution, but Insufficlent work has been done In thir crea. 
Reasonable success has been achieved with a passive system using the paths 
in alr of electromagnetic signais. No attempt has been made to Incorporate 
a range solution in the system being hypothesized since it is falt that ranges 
to ships can be acquired by 4 passive fire control set or reasonaly estimated 
by the aforementioned methods. Presently, the acquisition ranges of acoustic 
pinging torpedoes are such inai immediats countermeasures action should 
be taken as soon as the weapon has been detected. The extravagance of 
having the option of deciding when to counter does not exist; it is a matter 
of necessity to act immediately. At such a time as torpedoes can detect tar- 
geis at considerable range, accurnte range information may become @ neces- 
sity und warrant a complex set to perform the function, 

The importance of timing In Jammer use cannet be overemphasized. The 
thine to start Jamming is an on-the-spot tactical decision based on the serlous- 
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ness of the threat; the time required to shift frequency and the relative time 
assigned tc each frequency, when more than one {s being jammed, are design 
considerations and are built Into the equipment. Since jamming deiinitely 
classifies the t’*yct as submarine, the time to start {s the most critical of 
the three and, duc to the many variables Involved, cannot be predicted with 
any degree of a«. uracy other than on-the-spot, Thus, it {s left as a command 
decision. Although the time to shift frequency and the relative times uxsigned 
to each of the frequencies to be jammed may be determined on-the-spot for 
ua mounted jammer, this is not the case for the expendable type. These fre- 
quency shifts should be made automatically by the equipment. To assure 
like transmissions, they should also be automatic la the mounted jammer, 
perhaps with « manual override feature. Once launched, an expendable unit 
normally can no longer be controlled from the submarine. 

To be effective, a submarine decoy should provide doppler echoes, propul- 
sion noise, wake simulation, and maneuvering characteristics comparable to 
tuat of a submarine. Hovering decoys are rather simple and, generally, pro- 
vide only a doppler echo. The amount of doppler shift is Saecd for a given 
frequency band and corresponds to that of an average speed submarine. 
Self-propelled decoys, due to thelr movement, require no built-in doppler. 
Propulsion nolse corresponds to the gear whine and propeller beat of the 
submarine and Is representative of types of submarines rather than any given 
one. The degree of realism must be general rather than specific. A target 
with the general characteristics of a submarine is api to be so classified, par- 
ticularly when a direct comparison with the submarine is not possible, The 
decoy life should be limited to the time required by the submarine to clear 
the area. A decoy with a long life may permit the enemy to discover, by 
prolonged tracking and analysis, a characteristic that Is not present in a 
submarine, From then on, this characteristic would be sought out Initially 
und obviate classification as a submarine. 


23.5 intercoption 

The basic requisite of any countermeasures system is a means to provide 
knowledge that one is under surveillance. The underwater intercept receiver 
provides such hiformation, The submarine will be used here as the platform 
since its intercept requirements are more inclusive than those of a surface 
ship. ‘The basic difference between an Intercept recelver and a passive sonar 
is that the former is designed to intercept deliberately transmitted signals, 
whereas the latter is designed to detect the noise ships make in transiting the 
seas, 

Karly intercept was provided by passive sonar with # supersonic converter. 
Such an equipment required manual scanning In both azimuth and frequency 
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with a resultant very low probability of intercept. Based upon the premise 
that the bearlng to any threat, assumed to be a waterborne vehicle, could 
be determined by the passive sonar, the intercept design was based on omni- 
directional, frequency scanning receivers of the punoramic type, High back- 
ground nolse jevels rendered these receivers practically useless. Several re- 
celvers were developed following World War I] using various techniques for 
detecting discrete frequency signals within a broadband. The ¢rend toward 
passive sonars without supersonic converters coincided with the compleilon 
of the above developments and In the absence of noise from the transmitting 
ships, it was no longer possible to determine the source bearing of an echo- 
ranging sonar. (The converter extends the frequency range of the pasaive 
sonar receiver, enabling It to detect echo-ranging sonars.) The requirement 
for providing bearing data Integral with frequency information was quite 
evident, 

The first significant effort In this direction resulied in a receiver system 
made up of a spherical lens hydrophone and a correlation type receiver. 





Ficuan 23-2) Underwater Intercept Receiver, Q-8p, Block Diagram 
(Courtesy U.S. Navy Electronic: Laburatory,) 


Figure 25-2 presents a block diagram of the equipment developed. The 
hydrophone was made of 36 elements around the equator of a sphere which 
was filled with a focusing fluid. An incoming signal would be focused on the 
element on the side of the sphere opposite to the transmitting source. Three 
modes of operation were provided by which one could observe 360 degrees 
of azimuth, a 60 degrees sector or a 10 degrees sector, The equipment was 
normally cperated for 360 degrees coverage. Upon detection of a signal, a 
push-button keybeard permitted localization to the proper 60 degrees sector, 
Switching to the 10 degrees sector mode of operation, the same keyboard 
permitted one to determine the element receiving the highest signal level 
and thus the bearing to a 10 degrees sector. However, such an arrangement 
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required time to narrow down the bearing. A wave trap filter ‘vas scanned 
across the frequency band to determine the aignal frequenc’. She saln weak- 
ness <’ this acstem becaine apparent If the source cos.<c ._ transmit prior to 
recelvin= 2noug: pulses to determine bot!: Gearing and /requency. A trained 
cpertor could usually obtain the necessary cata from 10 te 12 pings. For a 
source at SQOO yards, the data could usually be obtained in no less than one 
minute. Should an echo-rang:ng torpedo be launched within 1000 yards of 
the submarine, insufficlers imo would remain to; countermeasures action. 
The Incoraing signal (see Figure 23-2 again) waa amplified and spilt 
such that part was delayed and the remainder heterodyned and filtered to 
pass the upper sideband. The delayed and heterou, «. signals were mixed 
reeulting in the oscillator izequency output. ials output wa. gain mixed 
with another signal from an oscillator 860 cycles per second high than the 
first, resulting in an 800 cps tone which was filtered, amplified ana. wa 
speaker or headset. Only signals of duration longer than the delay were. 
related into an output. Short pulses, such as nolse, resulted in no output 
from the correlation mixer. 

To overcome the deficiencies of the first correlation receiver, a system 
was developed which would automatically indicate the bearing and frequency 
of a transmitted pulse. This system employed three hydrophones, placed at 
the vertices of an equilateral triangle from which the bearing was determined 
by the difference in time of arrival of the signal at the hydrophones. At first, 
correlation, similar to that described above, was employed only in the detec- 
tion channel, However, noise pulses at (he hydrophones tended to throw 
the bearing off, particularly at higher speeds. Further development resulted 
in placing the correlation delay !n all three bearing channels; false bearing 
readings are reduced considerably. Figure 23-3 presents a block diagram of 
the improved syst n for the Intercept receiver. The operation of the correla- 
tlon circults in the bearing channels fs the same as desci'bed above. One uf 
these channels niso feeds the vudio output. The source bearing is determined 
from the trigonometric relationships between the equilateral triangle formed 
by the hydrophone array and the incident wave. The distance between hydro- 
whones traveied by the wave divided by the velocity of sound gives the time 
the wave travels between the hydrephones The differences in times of arrival 
are measured in the bearing circults of the hydrophones. These time differ- 
ences are transformed into an a-c signal and fed to the windings of a bear- 
ing synchro. The combination of these signals In the synchro results in the 
shaft displacement, and the source bearing is read directly from the meter 
which is calibrated in degrees of relative bearing, 

Essentially, a cycle counter is used to determine frequency. Each cycle 
generates a fixed Increment of internal signal. These iacrements are added 
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Fioungz 23-5 Underwater Intercept Recelver, AN/WLR-2, Equipment Block Disgram 
(Courtesy General Eleciric Co.) 


and fed to the meter which is calibrated In frequency. Thus, the intercept 
recelver can Indicate, from a single ping, frequency and source bearing. An 
alarm is Incorporated to call the at.ention of an operator should the equip- 
ment be in unattended operation. A hold feature retains the meter readings 
for a fixed period of time or until reset. 

An Intercept receiver must cover 2 frequency band which includes all 
known or anticipated signals of a threatening nature. One must be able to 
detect all echo ranging torpedoes, which generally operate st higher fre- 
quencies and set the upper limits of the band, as well as the lower frequency 
search sonars. Both torpedo and sonar designers tend to take advantage of 
the greater ranges possible at lower frequencies. During World War II, 
turpedoes operated in tne 60 to 80 kilocycle per second frequency range, 
whereas sonars were pretty much confined to the 20 to 40 kilocycle per 
second frequelicy range. In ihe near future, it is quite possible that search 
sonirs will operate below 15 kcps and torpedoes between 20 and 40 kcps. 
Since the sonars will operate at frequencies as low as o few hundred cycles 
per second, the iatercept problem should become progressively more difficult. 
If the frequency range from 1 to 80 kcps Is effectively covered, one can 
presently expect to detect just about all the operational sonars and weapons. 
However, in a few years, this coverage will be extended to include a band 
from about 59 to 160 cps at the low end and up to 80 kcps at the high end, 
to be reasonably certain of adequate intercept capability. 

The pulse response of an Intercept receiver is also a vitai factor to be 
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considered. It is necessary to have the capability oi detecting and analyzing 
pulsed signals from as short a time as one millisecund to a few Aundred 
milliseconds and even continuous wave signals, It Js not Ilkely that pulses 
will become shorter than one millisecond since It is still necessary to get the 
signal i~formation, and, at the same time. discriminate against nolse bursts. 
In general, torpedoes employ short pln, ‘=. ‘ths of « few milliseconds, whereas 
sonars use longer pings. 

It is difficult to define the sensitivity of an intercept receiver in a practical 
manner. If one specifies high sensitivity, the false alarm rate during high 
noise bac:ground conditions is intolerable. A low sensitivity can reduce an 
intercept receiver's range to that equal to or less than the ranges obtained 
under low noise conditions with a sonar. It is necessary to have a threshold 
level contro) such that the intercept receiver always has a detection range 
udvantage over the sonar, Since the same environmental factors affect both 
the sonar and Intercept recelver, the sensitivity can be expressed as a func- 
tlon of sonar detection range. Sonar detection range is generally defined as 
that range at which there {s a 50 percent probability of detection under the 
existing conditions. If one specifies the intercept senusltivity as being an 85 
to 90 percent probability of detecting the sonar signal at the sonar detection 
range, for the existing conditions, the sonar will rarely recelve an echo from 
the submarine carrying the intercept gear if it chooses to take evasive action. 

One weakness of ull Intercept recelvers developed to date has been the 
lack of jammer discrimination. To make effective use of such a receiver in 
a jamming environment, {t must be capable of reducing the jammer Influence 
without reducing the sensitivity across the entire frequency band. To be 
most effective with a jammer, one murt fill the effective bandwidth that a 
sonar can accept. Likewlse, this same baudv ‘\ must be rejected by the 
Intercept receiver. Since sonar receiver bavdw' .as vary with frequency and 
pulsewidth, a suitable jammer rejection fil.. in an Intercept receiver must 
have variable bandwidth and be tunable across the frequency band being 
covered, An alternative would be the use of a series of adjacent filters across 
the band that could be Inserted one or more at a time. Such an arrange- 
ment would be loss effictent elnce, ta keep the number of filters to a practical 
minimum, the rejected bandwidth would be more than the jammer band- 
width, Since jammers have outputs of 98 to 100 db//! dyne/cm*® (corrected 
tol yard), and because of the proximity of the Jammer and intercept receiver, 
the rejection of the filter must be sizable. The relection requirement is not 
so great with expendable jammers since the receiver to janimer spacing Is 
greater and the jammer output is 5 to 6 declbels lower. 

The primary factor which generates confidence in an intercept receiver ts 
lis probability of intercept with a minimum of false alarms. Contidence ‘s 
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soon lost if one cannot rely on picking up sonar signals prior to veing de- 
tected by those signa!s. On the other hand, great reliance will be placed In 
an equipment which has proven that it can permit a submarine to mancuver 
beyond sonar range until such time as it Is dealred to do otherwise. Scan- 
ning, both frequency and azimuth, requires time which reduces Intercept 
probability, particularly against short signals such as a torpedo transmits. 
Thus, the most dangerous signals are most apt to be miased in a scanning 
system. A receiver that is “wide-cpen” In both ezimuth and frequency {s 
required tu overcome this liability. To be sure, auch equipment is not as 
sensitive as a scanning receiver but, for tactical purposes, one is not too 
concerned about signals of very low levei since these wil! not return echoes 
to the sonar. 

Tatelligence type receivers have not been mentloned vecause the require- 
ments are diferent, The probability of intercept of an intelligence type re- 
celver need not be as high as that of a tactical equipment. However, a high 
sensitivity and good signal analyals capability are necessary to s higher 
degree than in the tactical receiver. 


23.6 Jamming 
Jamming is a vital function to be performed by any countermeasures 
system. The purpose of Jamming Is to break the sonar contact causing the 
enemy to begin a new search for the target. It is most difficult to “sell” a 
decoy if contact Is maintained with the real target. ‘Thus, breaking the con- 
tact by jumming actually hides the real target and creates a situation In 
which the decoy Is more likely to be classified as a target. The relative merits 
of masking and jamming have beer argued many times. Each method of 
breaking contact has its merits. Against passive sonar, masking Is the only 
suitabie method since it uses a broadband nolse source and there is no goud 
way to determine the acceptance band- 
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more effective for pulse lengths in excess of about 0.2 milliseconds. 

Initial attempts at jammer development resulted in canister and self- 
provelled jammers which had receive and transmit modes of operation using 
a single trensducer. The cycle required 30 secands to complete and consisted 
of a 5 second receive and 25 second transmit mode of operation. When a 
signal was received, the recelve mode was automatically switched to the 
transmit mode resulting In a transmission of 25 seconds plus the remainder 
of the § second receive mode. Following transmission, there was a brief 
dead period to permit reverberations to die out before another recep- 
tion. This precluded triggering on the previous jammer transmission. In 
the event thet no new pulses were recelved within the $ seconds, the 
previous signal waa retransmitted. Thus, changes In the sonar frequency 

: could be followed with a delay no greater than 30 seconds. The active 
life of such jammers was on the order of 2C to 30 minutes and was limited 
primarily by battery capacity. A similar jammer was deveioped for mounting 
on submarines. This equipment had greater output and a manual override 
feature. The override feature permitted recycling to the receive mode at any 
time and was most useful when confronted wita a multiple sonar attack. 
Should the jammer be tranamitting on the sonar frequency considered less 
threatening, it could be recycled until it transmitted on the moat threatening 
sonar frequency. All of these Jjammers give statistical preference to the 
sonar with the highest repetition rate since the probability of receiving that 
sonar is greater. 

2n a later development the masking and Jamming featurea were combined 
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Fiourr 23-5 NAH Canister Beacon, Block Diagram 
(Courtesy U.S. Navy Klectronics Laboratory.) 


in a single equipment. Figure 23-5 shows a block diagram of the beacon 
which transmits both jamming ane masking signals on a time-shared basis. 
If no signal is secelved, broadband noise is transmitted for 25 seconds. If 
a signal is received in the listening mode, the operation is the same as de- 
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Frovar 23-6 Character of Multiple Signal Jammer 
(Courtesy U.S. Navy Electronics Laboratory.) 





acribed above for the straight jammer. The Jatest development, known as 
the multiple signal jammer (XISNAH), time-shares noise with several sonar 
frequencies, Figure 23-6 indicates the character of the jammer transmission 
after the reception of several pings of two different sonar frequencies. This 
equipment permits Jamming of more than one sonar as long as the recorded 
frequency samples are relatively short ang repeated at short intervals. If 
the spacing between jamming pulses at any given sonar receiver is greater 
than the retentivity of the ear or the persistence of the sonar cathode-ray 
tube, some effectiveness is lust. 

lt has been determined that a jammer that can be prograrmmed to travel 
a given course is more effective than a stationary or hovering jammer whose 
output may be 10 decibels greater. This is due to the fact that the submarine, 
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having set the program Into the jammer, can maneuver to take best advan- 
tage of the jamming cover, The requirements on a jammer are such that It is 
nearly impossible to provide effective cover throughout the entire attack run 
of a surface ship planning to use depth charges. Generally, the submarine 
echo starts to show through the jamming at a ranz2 of 209 to 300 yartis to 
the ship. Howeve~ (n 4 fast closing attack the sttac..s has gone beyane ised 
point at which 4 ‘ve control solution can be developed for any’! 
depth charges launched from the stern. Even these would be re‘s:iveiy {a- 
effective unless the attack run turned out to be passing directly over the 
submarine target. 

The effectiveness of jamming against sonar is demonstrated in Figures 
23-7, 23-8, and 23-9 which are photographs of a sonar rresentation following 
three successive pings. Figure 23-7 shows a target clearly at about 340 de- 
grees and about three-fourths of an Inch from the end of the bearing cursor. 
The main body of the target sppears to the left of the cursor. Figure 23-8 
shows the same presentation after the next ping with Intense brightening In 
the target area and general brightening over the entlre scope. It is impossible 
to determine the range to the target and the bearing can only be approxi- 
mated by bisecting the sector of greatest Jamming Intensity, Figure 23-9 
shows the presentation after the next ping, the galn having been considerably 
reduced (estimated 20 to 30 decibels). There /s still no trace of the target 
through the jamming. Under this condition of reduced gain, the target would 
be difficult to detect even If it should emerge from the Jamming wedge. Figure 
23-10 shows a submarine emerging from a jamming wedge at close range, 
estimated at 600 to 7CO yards, It In apparent the. the target would not be 
discernible if it had remained in the jammed sector. The jammer ia about 
500 yards irom the sonar, and the bearings to the Jammer and submarine 
differ by abuut SC exces, The limitation of the jammer {s readily seen. 

The jamming signal should be a fair veproduction of the received sonar 
signal, The recorded sonar signal will be shifted siightly from the transmitted 
one due to the relative r otion between the ship and submarine. tn addition, 
frequency modulation caused by slight speed variations in the recosder motor 
further alter the signal. In the event that the pulse length is greater than 
the time required for one revolution of the recorder disc, an overlap occurs 
resulting In a phase discontinuity ai the overlap. ‘Thus, there are enough un- 
controllable factors affecting the quality of reproduction and care should be 
iaken not to introduce other causes for signal deterioration. 

The receiving pattern of the hydrophone should, for a mounted Jammer 
at least, closely resembie the target strength pattern of a submarine, If such 
is the case, and the Jammer is set to operate on threshold signals, it will be 
more likely to trigger on only those signals which would return a recogniz- 
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able echo. Thus, the recelving sensitivity is tailored to a typical submarine 
target strength pattern. Since a submarine preset.‘s a stronger target at the 
beams, compared to bow or stern, the jammer is more sensitive in these 
areas and less in the fore and ait directions, Whether the transducer main- 
tains the same pattern during transmission is not tou important alnce the 
submarine’s presence is known anyway. 

The most effective materia) for jammer and decoy transducers has been 
X-cut Rochelle salt. Although the temperatuie characteristics of Rochelle 
sali are well known, this drawback Is overshadowed by its over-all sensitivity 
and power handling capabilities over a broad frequency band. Other trans. 
ducer materlala may be better for either receiving or transmitting of both 
over a narrow band, but for countermeasures requirements, Rochelle salt has 
proven best. The narrow hole in the frequency response of Rochelle salt 
would be completely unacceptable for equipment operating at a given fre- 
quency all the time. Since the frequency at which this hole occurs is fulrly 
unpredictable, and since a jammer or decoy operates over such a wide fre- 
quency band, the probability of the hole occurring at the particular frequency 
to be used ut any given time Is rather remote. Little difficulty has been 
experienced with melting of the Rochelle salt due to exposure tu high tem- 
peratures. Even the topside mounted transducer of a mounted Janmer Intro- 
duced no problem, However, an unpainted dome of stainless steel was used 
to reflect the rays of the sun. 

To be effective against present day sonars, a jammer that is mounted on 
a submarine should have an output on the order of 100 dhb//1 dyne/em? 
(corrected to { yard). A jammer that fs ge!f-propelled can vet away with 
less output since ft can be interposed between the sonar and the target sub- 
marine. The primary cousideretion is how much of the jammer output js 
useful in hiding the target. In general, the jamming siynal should be us 
strong as the target echo after processing in the enemy's sonar receiver, The 
sonar's directivity will reduce the eftectiveness of the jammer If there Is a 
difference in bearing tu the target and the jammer. It cannot be expected 
that a target will be hidden if its bearing differs from that of the jammer by 
more than about 20 degrees. Ia the case where the Jammer js considerably 
closer to the sonar than the target, the bearing difference can be greater, 
possibly 40 degrees. Where the jamming bandwidth is greater than the sonar 
acceptance band, only that portion of the jamming signal within the accept- 
ance band will be effective, Echo-ranging sonars may have acceptance band- 
widths of C0 cps te a maximum of about 1000 cps. The above mentioned 
jammer output level should be for a 300 cps bandwidth, rather than a wide- 
band level. Wideband noise is generally Jess effective against echo-ranging 
sonars since most of the energy falls outside the sonar acceptance band. 
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fiowrn 23-7 Sonar Presentatlon—No Jamming. Cucsor on target at 340°, 
(Courtesy U.S. Navy Electronics Laboratory.) 
Kiauax 24-8 Sonar Presentatlon—Jamming Present—Normal Galn Setting on Sonar 
(Courtesy U.S. Navy Electronics Laboratory.) 
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Fiovar 23-9 Sonar Presentation—-Jamming Present—Reduced Gain on Sonar. 
(Courtesy U. S. Navy Electrontcs Laboratory.) 





Fiovay, 23-40 Submarine Target Emeralng From Jamming Sector, 
Ranue Scale 1500 Yards 
(Courtesy U.S. Navy Electronics Laboratory.) 
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A prime consideration in Jammer design is the compatibility of the signals 
from different Jammer types. The signal characteristics should be as similar 
as possible so that they appear alike to echo-ranging sonars. Thua, when a 
mounted jammer is secured and a mobile or ‘tationary type takes over, no 
difference in the signals should be detectable by the sonar. 


23.7 Deception 

Assuming a submarine can auccessfully detect echo-ranging sonars and 
jam them, it can still be held down in an acca with ittle chance for escape. 
The battle then becomes one of endurance In which the submarine iz hard 
pressed to compete with the surface, subsurface, and alr forces which can 
be employed as the battle continues. If, however, the submarine can provide, 
carly in the game, a substitute target or decoy with sufficient realism to 
wttract the attackers, then there Is a much greater probability of escape. 
Thus, the need for deception devices arises. 

The simulation of a submarine does not have to be perfect by any means. 
A decoy which returns an echo similar to that from a submarine, emits 
sounds like a submarine, provides a wake comparable to that of a sub- 
marine, und maneuvers within the limits of a submarine’s capability, has a 
wood chance of being classified as a submarine. This classification is less 
assured if a direct comparison between the decoy and submarine {s avall- 
able to the enemy. If the sonar contact with the submarine can be broken 
by jamming, and a decoy launched so as to emerge from behind the jam- 
ming screen, the probability of its being classihed as a submarine is good. 
Tests .onducted in late 1955 and early 1956 with developmental counter- 
measures cquipments in various combinations indicated that a submarine 
Improves his escape probability by a factor of about five when using counter- 
measures compared to not using countermeasures. This is based on a total 
of Of runs and 99 simulated attacks by surface ships operating singly and 
In pairs. 

The quality of reproduction of a submarine’s characteristics can be repre- 
sentative of a general class. Thus, fleet submarines should have one type 
decoy, guppy submarines another and nuclear submarines still another. How- 
ever, this does not mean that several completely different decoys are required 
since the type of propulsion nolse radiated {is the primary difference In 
ucoustle characteristics. A vehicle designed to simulate the maneuvering of 
aw high speed nuclear submarine can be slowed down, Its turn radius altered, 
wand its operating depth stratum varied by programming. The echo charac- 
teristi’s may have to be altered but probably not beyond the adjustment 
limits of a well designed echo repeater. The radiated aoise output, however, 
mity be a more critical factor that requires a separate source In each case. 
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However, it is & simple matter to Interchange nolse simulators tu mcet 
specific needs. 

The simplest decoy simulates a single submarine characterlatic rather 
than ali of them, A dopplerized echo repeater, for example, is a hovering 
type, has no wake or propulsion nolse simulation, but just returns an echo 
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Frovar 23-31 Hovering Decoy Block Diagram. Note; Oscillator #2 is slightly lower in 

frequency than Oscillator #1. For the lower-band decoys the difference In frequencles 

between the two caciilstore ls 60 + 30 cps. Fur the higher-band decoys the difference 
is 100 + $0 eps. 


which has reasonable duppler characteristics. Figure 23-11 is a block diagram 
of such a decoy, The sonar pulse is received and amplified, heterodyned up 
and then down, amplified again and retransmitted, It can readily be seen 
that, if oscillator #1 Is siightly higher in frequency than oscillator $2, the 
vutput signal will be higher In frequency than the recelved signal by the 
difference between the two oscillator frequencies. If this frequency difference 
ls about 60 cps and 100 cps for the lower and higher band echo repeaters 
respectively, the doppler characteristic simulates a low-speed submarine, (A 
knowledge of the echo-ranging frequency, as provided by an Intercept re- 
culver, dictates which band echo repeater to einploy.) Since a low-speed 
submarine, in general, radiates less noise than a high speed one, the absence 
of radiated nolse Is not too signiticant at the limit of the sonar detection 
range. At shorter ranges, the fact that it Is a decoy fs more apparent. 
Figure 23-12 Is a functlonal block diagram of a self-propelled submarine 
decoy. Upon launching, It follows a preset programmed course generating a 
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wake and transmitting modulated nolse which sinuiates propulsion nolse. At 
such time as it receives a ping from an echo-ranging sonar, {t repeats that 
ping in the form of an echo transmitted back to the sonar, It may or may 
not employ echo-clongation which indicates to the gonarc the submarine 
aspect by the length of the echo, The target strength is similar to that of a 
submarine since the transducers are side mounted and the velicle itself pro- 
vides shielding in the fore end aft directions. The sonic simulation of pro- 
pulsion noise is accomplished by modulating a noise generator such as to 
present a signa! representative of propeller beats supertmposed on machinery 
and gear noise, ‘This signal fs radiated by a magnetostrictlon transducer 
wrapped around, or integral with, the decoy hull. The wake is developed by 
the chemical reaction of lithlum hydride with sea water. The lithium hydride 
ls in the form of amall balls, or globules, of varlous sizes coated with a water 
soluble substance, The ball sizes are such that when the reaction produces 
the was, the resultant bubbles vary in size so thet there are a large number 
resonant at all frequencies within the echo-ranging frequency band. A decoy 
represented by the diagram of Figure 23-12 is effective against echo-ranging 
sonars, passive sonars, and wake following torpedoes. 

There are natural countermeasures available to the submarine, The natural 
temperature gradient in the ocean often vrovides a thermocline which, if 
sharp enough, is nearly impenetrable by echo-ranging sonurs. If the sonar 
source is above the thermoctime, a submarine can employ (t tv hide, Whales 
and schools of fish often return echoes mistaken for a submarine echo. A 
rapid turns or bucking down by the submarine results in a concentrated 
wake, or knuckle, which is aften taken for the submarine itself. False knuckle 
can also be created by chemicals, 

jJemmers can be considered decoys to a certain degree, If the enemy con- 
cludes that the jammer is aboard the submarine and attacks ax best as he 
can by dead reckoning on the Inst target position and follows any bearing 
drift of the jamming wedge, he ts effectively decoyed when the submarine 
launches an expendable jammer and secures the mounted one as he opens 
range. On the other hand, if the enemy concludes that the Jammer is not on 
the submarine, he in not likely to attack the source of Jamming, 

Figure 23-13 depicts simultaneously three target echoes on as sonar presen: 
tation. The top echo, upon which the bearing cursor is trained, is the sub- 
marine; below that at about 270 degrees ia a turn knuckle created by the 
submatine; still farther below at about 225 degrees is an AN/SQQ-9 decoy. 

Target dapeet tis been mentioned only briefly, However, with grower re- 
fnements ef sonars, it may become ao more important feature in’ future 
decoys, Eis well known that the sonar return from oa submarine is not a 
single pulse but a series of adjacent: short pulses caused by multiple reflec- 
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Fiouakc 25-13) Sonar Presentation Showtng Three Targets 
(Courtesy U.S. Navy Klectronics Laboratcry,) 


tlons from the outer hull, tanks, superstructure, etc. Thus, the echo jength 
iso function of the target length along the line of bearing from the sonar to 
the target. To return an echo with aspect from a decoy, It becomes necessary 
to determine the bearing of the sonar scurce relative to the decoy. However, 
it is not necessary to know this bearing throughout 560 degrees, Et is suffi- 
clent to determine the angle of bearing relative to the longitudinal axis of 
the decoy since the echo length will be the same for a given angle, whether 
ty port or starboard, The bearing angle can be determined using the differ: 
ence in time of arrival of a pulse at (wo hydrophones on the decoy. The length 
of the echo repeated can then be controlled from a minimum for the beara to 
maxiina for the bow and stern aspects, 

Two types of decoys appeat to have merit but have received little or no 
eniphasis. The first is the strategic decoy and the second a weapon decoy. 
The strategic decoy is a long range device which simulates a submarine and 
would be, in fact, a small unmanned submarine. Such decoys would be used 
to dilute an enemy's ASW surveiliance effort and create the impression that 
many more submarines are operating ina given area than is actually the 
case, By so doing, the forces available jor any given contact, whether against 
a submarine or a decoy, would be seduced. An intermediate range strategic 
decoy would be launched several miles from a submarine’s operating area, 
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travel to an area $90 to 100 miles or more from the submarine area, and 
maneuver there, Several such decoys launched from beyond the enemy's 
deteclion range could be programmed so that all the decoys and the sub- 
marine enter the surveillance area at about the same time over a front a few 
hundred miles long. [f the deceys ure realistic enough, the submarine should 
be uble te carry out its mission with e much higher probability of -uccess. 
A long range strategic decoy would do essentially the same thi, , cut be 
launched from advance oozes. surface ships, or even large aircraft. Upon 


completion eo” + in, the decoy would be scuttled as are the tactical decoys. 
A weapon . Is one that appears tke a weapen, for exam le, a torpedo 


or & weapon that appears to be a countermeasure, Thus, a submarine could 
launch a torpedo and several inexpensive devices that appear to be torpedoes 
{0 the detection equipment, The enemy would be hard pressed to Getermine 
which to avold or counter. Similarly, an active torpedo could have a bullt- 
in jammer with a slot cut out of its frequency spectrum to echo-range 
through, or a passive torpedo could have a slot cut out to Hsten through, 
When these torpedoes are echo-ranged on, they would jam the sonar, reducing 
its detection capability. Not only would this reduce countermeasures actlon 
aguinst the torpedo, but it would also create a healthy respect for jammers 
since they would be known to “bite back" on occasion. Running down a 
jamming spoke would then be a dangerous practice. 


23.2 Vehicles 

lt Ix necessary to use towed or expendable type vehicles from submarines 
and surface ships. The requirements for such vehicles are considerably dif- 
ferent for the two platforms, 

From surface ships, the vehicle is usually employed against torpedoes and, 
asx stich, must be capable of immediate and rapid launching to a range bey an’ 
the destructive radius of the weapon. Rocket launching provides about ‘he 
best means to effectively interpose a countermeasures device between tie 
weapon and target, The problem essentially resolves into one of detection and 
evaluation of the threat, training the launcher, and firing, Tt can readily be 
seen that the countermeasures must be ready for firing at all times from a 
remote position, 

Upon entering the water, the device must malintala ltsclf in the same 
stratum as the oncoming weapon, Tn addition, the transducer must be ata 
reasonable depth for good) sound transinlssion and reception, Usually the 
transducer depth is maintained at about 40 or $0 feet beneath the sui face. 
This is readily accomplished by a line between the transducer and a surface 
Noat, by means of an tnpeller driven by a reversible motor whose direction 
of rotation ts determined by a hydrostatic pressure switch; or by means of a 
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gas bug arrangement whereby a chemical reaction produces gas to fill a bag 
which maintains the proper buoyancy for the desired depth. 

Devices of the above types usually e:spic, electronic or mechanical sound 
sources, The electronic devices are of the echo repeater variety from which a 
pinging torpedo receives ua echo that (is stronger than that from the target. 
By filtering, the bandwidth of the scho-ranging sonar can be eliminated from 
the spectrum, thereby reducing Interference with the sonar. Masking devices 
are generally mechanical and emit continuous broadbesd¢ noise. These are 
most effective against a torpedo which homes on target noise. The mechanical 
devices are quite rugged and consist of a motor driving hammers, bails, or 
rollers egainst the Inside of a cylinder. The cylinder wall thickness, motor 
speed, and number of hammers are designed to produce the desired frequency 
spectrum. The electronic devices, un the cther hand, are not s9 rugeed and 
the water entry angie is more critical, The transducer js delicate and must 
be properly designed to withstand the shock of water entry, Since the tarce 
on the vehicle at launching is opposite from the force at water entry, the 
electronic tubes and other plug-in components should be mounted so that 
they tend to seat or reseat themselves on the Impact of water entry. 

Submarines employ vehicies of three basic configurations. Hovering ve- 
hicies are launched from the garbage ejection tube which Is about ten inches 
in diameter, and the signal flare tube which .s three 'nches In diameter. The 
former {s directed downward, elther vertical or up to about +5 degrees from 
the vertical; the latter is directed upward. Thus, a vehicle launched from the 
gurbage tube must be negatively buoyant long enough for the submarine to 
pass over it completely and then become positively buoyant to rise to the 
preset hovering depth. This can be accomplished by dropping a weight o7 
purging a flocded chamber at a prescribed time after launching. The vehicle 
launched from a flare tube Is positively bouyant upon launching. Hovering !s 
maintained at a fixed depth by mechanisms similar to those described for 
vehicles ‘aunched from surface ships, 

Self-propelled vehicles to simulate submarines are launched from the tor- 
pedo tube by swimming out under thelr own power. These are usually more 
complex devices and can be programmed to maneuver in azimuth, speed, and 
depth. In azimuth, a gyro control is used to program course changes through- 
out the full 360 degrees referred to the course at launching. The depth pro- 
yram is peneraliy confined to a selected stratum, the floor and ceiling of 
which are controlled by hydrostatic limit switches, Speed changes are effected 
by a speed control on the propulsion motor, The above program changes must 
be coordinated in such a manner that they reallsticaliy simulate a submarine 
performing the same maneuver, For example, speed, depth, and) course 
changes must be at a rate reasonable for a submarine. Likewlse, turns 
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must be at a radius commensurate with that of a full-scale submarine and 
the Noor Hmit should not exceed the diving depth nor should the ceiling Hmit 
be such that a submarine would broach or show superstructure. 

The seif-propelled vehicles are designed to be recovered after exercise ure. 
This is accomplished by running them at negative or neutral buvyancy and 
dropping a welght at the end of the run, or by running them positively 
buoyant. In elther case, the vehicle rises to the surface when propulsion 
power is removed, The hovering vehicles are either recoverable or not, de- 
pending on economic considerations. The more costly units ere recoverable, 
whereas the less costly ones are designed to flood and sink after the exercise. 
In tus warshot condition, all vehicles are expendable and they are set to sink 
after a run, 

The primary power source fn all types of vehicles is a battery. The self- 
propelled units generaliy employ a secondary type battery for exercise shots; 
lt iy recharged after recovery. For warshots, primary type batteries are used 
with the electrolyte stored separately; they have indefinite shelf life, The 
hovering type units empluy sea water activated betterles which, ff the unit 
in recovered, are replaced after each use, Since the ‘lectrolyte is sea water, 
there is no problem of maintaining a charged condition and, [f stored jn & 
fairly dry atmosphere, the shelf life is nearly indefinite. 

Towed vehicles are used primarily from surface ships and can have elther 
electronic or mechanical sound sources. The mechanical sources are of the 
Vibrating bar or motor-driven types. The acoustic output is broadband and 
provides a higher Intensity target thin the towing ship. Electronic sources 
are echo repeaters, broadband maskers, or discrete frequency jammers, ‘The 
vibrating bar type requires only a mechanical towline. The electronic and 
motos driven source vehicles require an electrical cable as well and are con- 
trailed from the ship. Usually, the hitter types are cycled to permit use of 
the ship sonar without interference from the countermeasure. The vehicles 
are designed to tow at the proper depth throughout the towing speed range 
of the ship. ‘Towing from a submarine has been done but fs not looked upon 
favorably, ‘The towing problem is more complex for the submarine since It 
operates in a volume rather than on a surface. Thus, depth mancuvering, as 
wel! as turning, is restricted due to the pussibbity of the towline becoming 
fouled with the propellers and the superstructure. However, the newer sub- 
marines being more nearly true submersibles, iowlng from submarines will 
probably become more common. 


23.9 Conclusion 
It must be remembered that the useful life of a countermeasure, once put 
into operation in a war situation, is short at best. Great effort Is expended tc 
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overcome any advantage an enemy derives from his countermeasures, Siml- 
larly, the advantage of a new measure is limited to the time required to 
effectively counter it. New measures breed new countermeasures and vice 
versa, ‘To be sure, both measures and countermeasures may have some 
residual vaiue in certain circumstances after they have been effectively by- 
passed by newer techniques. However, space limitations usualiy legislate 
against carrying both the old and the new; the old is shunted axlde. 

Since the measure-countermeasure game is very dynamic and the enemy 
controls the countermeasure to a large degree by the type of measure he 
employs, it is generally desirable to design countermeasures to operate 
against equipment types rather than specific equipments, Even if one could 
assume detailed knowledge cf the susceptibility of an enemy measure (one 
usually cannot), thls would still be true. If couniermeasures are designed 
only against specific equipments, 4 slight change in the measure could rencer 
uw countermensure totally useless. For example, a Jammer designed to take 
full advantage of a given echo-ranging sonar by ‘ransmitting the exact fre- 
quency and bandwidth accepted by the sonar would be ineffective should the 
sonar frequency be changed. By the time the jammer could be modified anc 
readled for feet usage, many ships and ilves might be lost. Had the Jammer 
been designed for use against sonars echo ranging within a broad band of 
frequencies, its utiiity would not have been lost completely, if at all, Cover- 
ing a broad frequency band creates problem as far as sensitivity and output 
power are concerned, but these are compensated for, to 4 degree, hv the one- 
way path loss as agalnst the two-way loss of the sonar, 

economic conalderations generally preclude large reserve stocks of counter- 
measures, Some are required to meet the Iminediate needs when a war com: 
mences and others for routine training requirements. With Hmited financial 
and manpower resources, a balance must be struck between research and 
development effort, fleet training exerciaes, and a reserve stockpile. This can 
be done by malntaining a continuing research and development effort to keep 
abreast of the latest trends In measures and tactics as they affect: future 
countermeasures development, Simultaneously, the latest countermeasures 
proven effective in fleet evaluation can be procured for reserve and the latest 
developments procured for fleet evaluation, When evaluated equipments are 
placed in production, the reserve stock would be issued for fleet training 
exercises, Thus, a three phase cycle would be {In operation allowing produc: 
tlon, evaluation, and development to proceed side-by-side. Fleet usage would 
provide feedback data upon which improvements could be based. Ag the 
same time, the sonar and weapons designers would be better able to come up 
with equipments less susceptible to countermeasures. Sonar operators would 
benefit in Hike manner. 
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When war starts, or becomes imminent, we would be endowed with a 
atockpile of ideas and techniques, manpower and pliysical plant capabilities, 
a trained fleet, and a limited stockpile of countermeasures. 
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23.10 Bibllograpky 

This Hsting is based on the basic function performed by an equipment or 
the function under Investigation. A few reports are listed in more than one 
functional area since they cover the areas rather completely with no particular 
emphasis on one over the othez. Similarly, there is a fundamental grouping 
of reports which fit nu particular functional area but which are closely re- 
lated tu countermeasures or the field of underwater acoustics. 

To include all reported work performed in the fleld would be an arduous 
tusk hardly worthy of the effort. Much work not Hated {fs referenced in the 
included reports since these are, in general, representative of the significant 
effort since World War IL. Information on work carried cut during World 
War I! can be obtained from the Summary Tecanical Reports ef Division | 
6, National Defense Research Committee, Office of Scientific Research and 
Development. 
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Section I Fundamenta!s 


24.1 Linear Video Amplifiers: Fundamentals 

The first portion of this chapter is concerned with Hnear amplification 
of small-signal voltages. An ideal amplifier, when supplied with an Input 
signal e(¢), will deliver an output voltage -ie(¢). The factor 4 ix a constant, 
and represents the “gain”, The waveform of the output voltage is fdeaily 
ldentical in shape to, but larger in amplitude than the Input waveform. 

The field of application is widespread, Including amplifiers for cuthode-ray 
oscilloscopes, television and radar systems, etc. Such amplifiers are com- 
monly called videc or wideband amplifiers, and are discussed in most of the 
standard textbooks (for exurnple, Reference 1), although from the steady- 
state, sine-wave point of view. In contrast, we shall be concerned with the 
time response, or transient response, ie., we apply a square wave to the 
input of the amplifier and examine the waveform that results at the output. 
For a supplementary reference that is written from this point of view, and 
from which many of the examples in the following pages have been taken, 
see Reference 2. It is, of course, true that the transient and steady-stage 
responses are interrelated, but the relationship Is Indirect. 

We shall use pentodes,* and in the near condition, That is to say, we 
shall have to restrict the tube currents and voltages to a small region of the 
tube characteristics such that the /, vs. ¢, curves can be assumed parallel 


*Translaturs are also used in linear amplifiers, of course, The general philosophy oi 
circuit dealgn is similar, although the details are different in various respects. For a more 
complete treatment of both tube and transistor circuits, seo Reference 24. 
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straight lines, and equally spaced with respect to increments of grid voltage 
¢.. Then the tube can be replaced by the equivalent circuit showa in Figure 
24-1, 


Oa. 





Fioukn 24-1 Figurn 24-2 


Of course, to connect one stage to the next. there will be required some 
extra elements as in Figure 24-2, notably a coupling capacitor C, to Isolate 
the d-c plate voltage of the first stage fron the d-c grid voltage of the nent 
stage, a prid resistor R, for providie.: d-c las connection, a cathode bias 
combination of R, and C;, and finally the atray capacitance of the tube and 
wiring, Cy and Cy. This entire circult is a bit formidable to analyze in formal 
detail, so we shall take steps to simplify it, much as one does with audio 
amplifiers deriving ‘high-frequency’ and “low-frequency” equivalent circuits. 
We shall do the same things on a translent basis. 

In passing, take note that all the elements In Figure 24-2 with the excep- 
tion of A», are parasitic, Le., they impair rather than ald in the production of 
constant gain or voltage amplification, The basic gain, If the effects of the 


parasitic elements were negligible, can be seen from Figure 24-1 to be: 
R 
Cy — C - VpA fe is 
¥ pene R 
Galn os por Rs mH — Km, 
ty ty 


! 


ifr, >> R,, where = means ‘is defined as.” 

Jo keep things a bit simpler at the outset, let us omit the cathode bias 
clreult as a consideration qwe shall deal with it later). When the tube ts 
replaced by its equivalent clreuit as in Figure 24-1, the network becomes (hat 
of Figure 24-3, 
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We are going to test this network with a step function of voltage ax the 
signal at the grid of V; (Figure 24-2). We shall find that the circuit of 
Figure 24-3 can be resolved into two separate circults, one that completely 
describea the behavior of the cutput voltage fox smali values of time, Le, 
during the abrupt rise of the step voltage, and a second one that Is sufficient 
for larger values of time, l.e., during the long interval when the input step 
voltage js constant at its maximum value. The adequacy of the two circuits 
ls better for “good” amplifiers, f.e., amplifiers that come as close as possible 
lo reproducing the input step at the output terminals. It will turn out that a 
good amplifier has R, and r, much larger than 2,,, and C,, much larger than 
C7; and C’>s. 

First consider the abrupt rise of the Input step of voltage e,,. If C, and Cy 
were absent, there would be nothing to Impair the Instantaneous rise in the 
output voltage ¢,,. The capacitor C, cannot change its voltage Instantan- 
eously, but It need not do so; if its Initial voltage is zero then It acts like a 
short circult for instantanzous circult changes. In fact, C, is usually so large 
that there is virtually no change In its voltage during the small but finite 
time required for the output voltage to rise, The reason that a finite rise 
tune ix actually required Is that Cy and Cy must be charged from zero to the 
neak value of the step. They are small compared to C,, so we can draw an 
equivalent circult showing them but omitting C., or rather, replacing C. by a 
short circult as in Figure 24-4. 


=e 


1% 
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When the input voltage es; is a step function, the output voliage will 
“rise exponentially with a time constant RC, as depicted in Figure 24-5. 

Now we take the next step, After the output veltage has risen in the com- 
paratively short thne required for it to reach its final value go Aye the 
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voltage on capacitor C, will begin slowly to change. 
We can see from Figure 24-3 that the output voit- 
age will ultimately decay toward zero. Capacitor 
C, will then be charged to the full voltage g,,R,£., 
and capacitor Cy will be discharged to sero. We 
say this: Because capacitor C, !s so much larger 
than Cy (and C; as well), the current required to 
discharge Cy is negiigible comparec to that re- 
quired to charge C,, and we ehall not bother to 
show C, or Cy in the equivalent circuit governing the charging of C,. See 
Figure 24-6, and the resulting waveforms in Figure 24.7, 
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The best response to the step is provided by the smallest poasible +, <= RC 
and the largest possible r, <= R,C,. Since the total tube capacitance C is 
usually predetermined, one can only decrease R in order to make +, smaller; 
this means decreaslig R,, since Ry, must be kept large to preserve a high 
Value of ry. But decreasing &,, costs in gain, since the galn at the maximum 
of the output waveform is g,,2,,. 

Ina similar manner there is adimit to the amount of Improvement of the 
long-time behavior that can be achieved by increasing ry. The grid resistor 
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carinot be made greater than about a megohm, from considerations of grid 
current, the capacitor C, cannot be made arbitrarily large, because its physi- 
cal size will add to the shunting capacitance C, and thus impair the short- 
time response. 

The two circults of Figures 24-4 and 24-6 correspond tu the high-frequency 
and low-frequency equivalent circuits, respectively, that one derives from 
steady-state analysis of the elementary resistance coupled amplifier. There Is 
a simple interrelationship for this circult between the time constant r, that 
determines the short-time behavior and the frequency /,; at which the steady- 
state response has fallen to 70.7 percent of its midband value; this frequency 
is that for which 


Aezz R 
ae l 
= FC 
fe eed ee l 
arene RR me tie ee os 6 


As an example, if +; !a one microsecond; Le., the step response would rise 
tu 63.2 percent of Its final value in one microsecond, the corresponding high- 
frequency 70.7 percent frequency /,; would be 4, of one megacycle, or 160 ke. 

Similarly, the low-frequency 70.7 percent frequency fy is related to the 
time constant r, that determines the long-time behavior in the transient 
response as follows: 


XR, 
! 
= ae 
1 ! I 
fa = 2nR,C,. oe dwry a Ory 


As « numerical example involving ry and fy, suppose that the step)-responsy 
requirement is that the top of the step ‘sag” by only one percent in 100 
microseconds, Shen considering the initial portion of the exponential curve 
of Figure 24-7 to be a straight Ine, 


hr 190 psec 
100° ‘ _ Ty 
or 
ty = 104 psec =~ 10 4 see 
hs = wy > $6 eps 
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In the general case of amplifier networks that are more complicated than 
the simple resistance-coupled case, and indeed In the case of ua cascade of 
several resi tance-coupled stages, there is not such a simple relationship be- 
tween the  nsilent ind sieady-state responses of an amplifier, Nonetheless, 
it Is true In & rough way that a fast rise in the transient response calis for a 
high-frequency Hmit in the steady-state characteristic, and that small sag 
implies a rather low 70.7 percent cutoff frequency. More specific comments 
will be made later. 

In general the reaponae of an amplifier to a 
step of voltage at the Input Is not the simple 
combination of the two exponentials in Fig- 


In Figure 24-8, 

The distortion Introduced by the ampli- 
fier; {.c., Its failure to reproduce the input 
waveform is seen to comprise several aspects, 
First, of course, the rise of voltage at ¢ == 0 
is not instantaneous, but rather there is a finite rise time; more will be sald 
about this below, Secondly, the cutput waveform does not rise uniformly 
(monotonically) to its 100 percent level, but instead there is an oscillation 
superimposed which produces an overshoot, expressible in percent. Finally, 
the output waveform fails to maintain the 100 percent level; there is a sag, 
which can be expressed as a slope; fe., percent per second, volts per micro- 
second, etc., or as the percent sag in av given time interval of particular 
interest, 

The rise time can be defined in several ways, all of them giving about the 
same numerical results but each belng more convenient than the others for 
some purpose, It is necessary first to distinguish a delay Ume, which can he 
regarded separately from rive time. In yeneral, delay time Is not considered 
a distortion since, if all waveforms are preserved but delayed by an absolute 
time Interval, most electronic systems will function properly. The output 
waveform of Figure 24-8 {s reproduced in Figure 24-9, and for comparison 
there is shown a delayed step with which the actual output can be compured, 
The delay thine is arbitrarily defined as the time for the actual output. te 
reach SO percent of ity basic level. 
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24.2 Linear Video Atmpilfierss Speed of Sten Response (Rise Time) 

Coming now to the detaiied analysis of that portion of the amplifier cbr. 
cult which determiaces the short-time response to a step of voltage at the 
input. we shall be concerned with several aspects: 
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1) The cholce of tube 
2) The choice of circult 
2) The behavior of a cascade of stages 
4) Relations between step and steady-state response 
5) Additive amplifiers 
a) Distributed amplifier 
b) Band splitting amplifier 
Notice again that the equivalent circult which governs the simplest pos- 
sible amplifier stage, the realetance-coupied network of Figure 24-2, is 
merely that of Figure 24-4, 
fey, isa step of voltage, applied at ¢ = O and with amplitude equal to 
to, she output voltage ey, is: 
t/9y 


y= Pi teath (1 = ae ) where Tl =< RC (29-1) 
p 

The magnitude 4oot the amplification or gain ds defined for the maxinven 

(iil) value of the output voltage: 

ty 


a 


at Pe (24-2) 





Cy 
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The rise thne for the elroult according to the £0 to 90 percent definition for 
the exponential function of Bq (24-8) Is: 


Vy rr 2.07; é.2 RG (24-3) 


24.2.1 Chelee of Tube 
[fone sets out to design the resistance-coupled ampiifer stage to give both 


a 
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high gain and a short rise time he is confronted with a contradiction. From 
Eq (24-2) and (24-3) it is seen that for a given tube, Le., a given gy and C, 
one can increase A to raise the galn but in doing so one lengthens the rise 
me, This proportionality of gain and rise dime can be expressed as a quo- 
tlent, whose magnitude !s constant and depends primariiy upon the tube: 


Gair. 


“Rise Time 7 4/74 = 0/220 (24-4) 


The capacitance C (== C, + Cy in Figure 24-2) includes both Input 
capacitance C; and output capacitance C, of the tube (assuming both tubes 
assoclatud with the interstage network are of the aame type), together with 
the stray wiring capacitance, The latter can usually be made small compared 
to the tube capacitance, and In any case It is apparent that, if two tubes 
have equal g», but different C, the one with the smaller C will be better. 
Table 24-1 shows listings of the transconduciances (g,,), the Inmut capacl- 


TABLE 24-] 


Gain/Rise 
Tube Ci c. C Km Time 
(nf) (pf) (upf) umho —s (per psec) 
6AK5 4.0 2.8 10.8 5000 210 
6AG5 6,5 1.8 12.3 5000 185 
6AH6 10.0 2.0 16.0 9000 246 
6AU6 Duo §.0 14.5 §200 163 


vance C (which Includes 4 xpf for stray wiring capacitance), and the 4/7» 
quotient, which becomes a sort of figure-of-merit for the tube in a resistance- 
coupled amplifier circult. A graphical tabulation of many tubes js shown In 
Figure 24-10, 

Although Eq (24-4) and ‘Table 24-1 are derived from the properties of the 
clementary resistance-coupled amplifier stage, it will turn out that with more 
conyicated networks the same figure of merit will apply, Better circults will 
give more galn for the same rise thne, but ¢../2.2C is stihl «© common multi- 
plier for all. 


24.2.2 Cholee of Cireult 

It might well be expected that by going to a more sophisticated clreult 
than the elementary resistance-coupled interstage network one could achleve 
better performance in terms of more gain for a given rise time, Le. a higher 
gain rise-time quotient. The gas € ratio of the tube fs a undversal factor that 
appears in the gainyrise-time quotient for al! the circuits, so we should 
eHminate this as a factor in comparing alternative clreuits to be used with 


CIRCUITS 24-9 


ST Aa ogy. 


Ze He 


b f ! LJ 
i. seid 


Fiaurnn 24-90 





the same tube. Since the resistance-coupled circult is the simplest, we can 
use it as a reference and divide the zaiin/rise-time quotient for any other 
citcult by g/2.2C. This will give then a relative speed or figure of merit for 
the circuét. A more complicated figure of merit which puts in a factor for the 
overshoot Introduced by many circuits is given by Palmer and Mautner. ‘To 
use this figure it is necessary to know the acceptable limit of overshoot for 
the service intended, eg. perhaps 2¢¢ for television, ax suggested by the 
authors (Reference 3), There are several basic network structures that can 
be used: the more complicated ones give greater speed, but the designer must 
decide where to draw the line, for beyond some point the added complexity 
does not give enough improvement to justify the added difficuity of design 
and adjustment (particularly in a manutacturing or field servicing situation 
where unskilled workers are Involved. } 


Shunt-Peaked Circuit 
The first step in circuit: refinement beyond the elementary resistance 
coupled circult leads one to the so-calied shunt-peaked circult*, shown in 


*The name is derived from steady-state considerations, where the parallel resonance 
of Land C tends to produce a peak in the curve of amplification versus frequency, Hy 
way of contrast, the series-epeaked clreult, which enjoyed popularliy for a time, ciaployes 
an Inductance in series with the coupling capacitor C,,. 
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¢ Figure 24-11. This circuit provides a substantial Increase 

In speed relative to the resistance-coupled circult, and 

4) ‘1, with Nttle increase in complezity. It Is probably the 
- most widely used of the circuits discussed here. 

It Is necessary to specify a parameter that defines the 

value of ZL relative to R;, and C, Notie that Z is « vari- 

able to be adjusted after R, has been chosen to provide the desired gain, 

since the final value of gain for the circult is g,,R,, as before, and C is fixed 

by the tube. Let this factor be ceiled m, after Valley and Wallman (Refer- 

ence 2, page 73),* defined by the relationship: 
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m= L/R,'C (24-5) 


As ine factor m Is Increased from zero (corresponding to the simple resis- 
tance-coupled case) to a vatue of 0.6 by increasing Z for a given combination 
of R, and C, the step response curves that result are as shown In Figure 
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24-12 It can be scen that as ms is increased the rise time decreases, with 
overshoot appearing for values of m greater than 0.25, A physical Interpreta- 
tion of the effect of adding the inductance is that in order to charge the 
capacitor Co as rapldly as possible, the maximum current should flow from 
the generator into C. Without 2, the Initial current does Sow entirely In C, 
but us the voltage builds up, more of the generator current is by-passed Jato 
the resistor Ry. Adding Z slows up the Increasing current !n the R; branch. 
Mventually the current buildup in Ay is slowed xo much that the capacitor 
voltage overshoots its final value (note that if Z were infinite the Ay, branch 
would be an open circuit, and the cipacitor voltage could increase indefinitely 
ata rate (/C == ¢gh,/C). 

The figure of merit of the ssunt-peaked circult, Le. Us speed (10 to 90 
percent rise) relative to the resistance-coupled clreult: increases with mus 


*Other writers uxe the same or almilar factors Terman (Reference 1) calla li Qy, alice 
tthe Q of the clreult at a frequency of J, where VY, co Ry (we have called thle /, | 
ace Sectlon 24-1). Alno om (Q.)%, where Q. du the clreuls G at the resonant frequency 


fe V/(day ic) 
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=  {llvstrated in Figure 24-13. Also shown is the 
iw, curve of overshoot, which Is sero up to m = 0.25 
kd and then Increases with m. 

; From the figure it can be seen that the most 
beneficla! range of m is from 0 to 0.25, where the 
teat ert relative speed increases from 1.0 to 1.4 without 

ce os ee any overshoot appearing. Beyond an m of 0.25 

the overshoot commences, with both » and the 
overshoot Increasing but the latter more rapidly. 

Discussions based upon steady-state analysis sometimes mention a value of 
m = 0.414 as critical neaking, or critical compensation. ii turns out thet this 
value of m is the crossover point between a frequency response curve that 
falls off uniformly at the high-frequency end—as does tne resistance- 
coupled case—and one that has peak or hump. But from the standpoint of 
the transient reaponse to a step, this value of m has no significance. (Figure 
24-12). Similarly, m == 0.322 can be shown to give—in the steady-state 
response—an optimum linearity of phase shift versus frequency, but again not 
unique In the transient response. 

It is of interest to point cut at this juncture that certain proposals have 
appeared In the literature for two- and three-stage amplifiers based on staz- 
gered (nonidentical) values of Q for the stages (Reference 4), or on feedback 
for two stages Reference 5). These arrangements will fia general introduce 
substantial overshoot. 





Two-Terminal Linear-Phase Network 

A network credited to §. Doba cr the Bell Telephone Laboratories is the 
two-termina! Inearephase network of Figure 24-14, so called beceuse of Its 
linear relationship between steady-state phase shift and frequency. With the 
element values ax given, the network has a step response that {s 1.77 times 
faster than the resistance-coupled counterpart, fe, the rise time ts 
2.2R,C/1.77, There la a small overshoot of approximately 1 percent. Notice 
that there may be coil capacitance in the shunt-peaked circult, giving 
the equivalent of Figure 24-14. Adjusting Cy = 0.22C gives an optimum 


performance. 
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Other Two-Terminal Networks 

Further complexity of structure can be added to the two-terminal form of 
network by considering the reactance X in Figura 24-15 to be an arbitrarily 
exiensive arrangement of Land Cas in Figure 24-16. This situation has been 
explored by Elmore (Reference 6), with results as follows: (a) the Improve- 
ment in speed of rise as each new element (Z or C’) is added diminishes 
rapidly after the first one or two; (b) an ultimate improvement factor of 
2.12 for an Infinite number of elements is suggested by the analysis, though 
not proved conclusively, 


Four-Terminal Networks 

A whole family of four-terminal networks can be devised which give sub- 
stantial Improvement over the two-terminal variety. Added complexity re- 
sults, however, and the response of the networks to a step fs sensitive to the 
ratio of C\/Cy. 

The typical exampies are illustrated in Figures 24-i7 and 24-18. The 
former is calied the “four-terminal Jinear-phase network”, and provides a 
relative speed of 2.48 over the resistance-coupled counterpart. A % ratio of 
C1/Cy Is assumed in the design. 


2796 
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The circult of Figure 24-18 is commonly called the “series-shunt-peaked 
network", It assumes a fs! capacitance ratio, but is less sensitive to devia- 
tion from this value. 

1? 
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In Figure 24-19 is a third circuit, this one a 1/f ratlo of capacitance. 
Failure to realize this ratio results in response waveforms as shown in Figure 
24-20, 

The relative speed of the four-terminal networks {s substantially greater 
than that of the two-termina! forms. The circult of Figure 24-17 provides a 
speed of increase of » = 2.48, while those of Figures 24-18 and 24-i9 give 
values of 2.C6 and 2.10, respectively. The maximum speed of a four-terminal 
network has not been conclusively established, (Reference 2, pp. 81, 82, and 
Reference 7) but is probably in the neighborhood of four, As in the case of 
two-terniinas circuits, the actual networks in practical use fa}! short of the 
maximum, but provide much improvement over the resistance-coupled form. 
More complicated structures than those shown here can be devised, but the 
added speed comes slowly with the extra elements required. A class of inter- 
at’ ga networks biased upon filter theory was presented In a classic paper by 
‘\ weeler, in Reference 8. 


Amplifier Stages in Cascade 

in general, a single stage of amplification !s not adequate to meet the 
gain requirements of a system, and hence several stages will be connected In 
cascade. The question arises as to the over-all response of the system when 
the responses of the indivicual stages are known. Of course, the entire system 
could be analyzed as a formal circuit problem, but there are some general 
rules of great value. 

The nature of the transient response of several stages (identical) /m cas- 
cade Is illustrated In Figures 24-21 and 24-22, The first ix from Valley and 
Waliman, and the other from Bedford and Fredende!) (Reference 9). 


; feelers) Bet aban 
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The two figures show the general properties of increasing delay time and 
rise time as the number of stages is increased. Moreover, if there is over- 
shoot ina single stage, the amount of this increases ag stages are added, On 
the other hand, if there is no overshoot in a sdagle stage, the adding of stages 
will not introduce overshoot (Figure 24-21). 

The quantitative details are of interest. Various attempts have been 
made to analyze the problem, some based upon an empirical study of cas- 
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cades of particular circults.© The analysis is quite laborious, even if the 
network functions and their inverse transforms are simple; this /s because of 
the arbitrary definition of the rise time in terms of the 16 and 90 percent 
levels. Fur instance, the time function for a cascade of resistance-coupled 
stages, whose response in time is given in Figure 24-21, Is simply: 


n- 
ge” 
SA ae (24-6) 


g=29 
4 
(Note: O! == 1) 


Equation (24-6) describes the family of curves in Figure 24-21, where ¢ In 
the equation is the normalized variable ¢/RC in the figure. Unfortunately 
there Is no correspondingly simple expression to describe the rise thine Ty 
usa function of the number of stages; one must compute the function ¢,(¢) 
for each value of n, determining the time between the 10 and 90 percent 
levels, Valley and Wallman give the results for values of m up to 10, These 
are given here in Table 24-11. 











Number of tages, n . ! 
Rise ‘Mime Ty divided | 3.5 


by 2.2RC | 


The results of empirical studies such as these can be summarized Into 
several working rules, us formulated by Valley and Wallman: 


1. In circults having ttle or no evershoot, the over-all rise time 7p, Is 
piven by (Reference 6): 


Tn, as VT x)? Tx? Tn? Paxcek wi Tn? (24-7) 


lu. When the stages are identical, each having a rise time 7'y,, the over- 
all rise time is: 


Ty <= yn Ty (24-7a) 


2. In clreults having little or no overshoot, the total overshoot for a 
stages is essentially that of a single stage, 


*Reference 2, pp. 68-66, 77-78 and Reterences 9, 10, and ot, 
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3. If the overshoot of a single stage {fs in the order of 5 or 10 percent, 
then the total overshoot goes as the square root of the number of stages. 

3a, When the stage overshoot is § or $0 percent, the total rise tlme !s 
somewhat less than that given by Rute !. 

4, An Interesting result (References 6, 12, and 13) can be obtained by 
combining rule la with the following expression for the over-all gain A, in 
terms of the stage gain 4), 


A, ws (a)" (24-8) 


For a specified value of gain 4, there is a minimum value of rise time 7'y, 
which obtains, regardless of tube type, when: 


n-= 21n &, (24-9) 
Ay = Ve = V2.72 = 1.05 (24-10) 


For a particular tube, the value of this minimum 7°y, Is: 


— Vaelnad, (24-11) 


myiey 7 ; 
Ee yk /2.2C 


The relationships given above have some practice! limitations, and require 
some fudictous interpretation and application, First note that a has the same 
value, regardless of tube type oi clreult type; for instance, if A, Js 10" 
(100db), Hq (24-9) sav. chat 23 stages are called for, whether one uses 
6AU'6 or 6AH6 tubes, But it does aoé say that the same iialmum rise time 
results in either case; from Table Tand Eq (24-11) it wiht be found that the 
6AU'O would give 256/163 of 1.57 times as great arise time as the 6AH6. 

Also, the minimum of the rise-time functlon is a broad one, and one can 
Violate the minimum cendition by quite a nairgin without serlous detriment 
to the over-all rise thie, Elmore provides an example of a 6AC7 amplitier 
(fm == 0.009, C == 22 put, y <= 1.5), In which the 23 stages required for the 
100 db gain give a rise time of 0.032 psec.) yet with only nine stages to give 
the same gain the rise time is only 0.044 asec. Thus, the rise thme is imuudred 
only 37.5 percent for a 48 percent reduction io the number of stages. More- 
over, the larger load resistor ip the latter case (400 ohms instead of 1&9 
ohms) permits a larger output voltage to be realized from the amplifier (222 
percent greater). This brings us to a new topic, 


Culput Stages 
Most amplifiers have, in addition to the requirement for a certain amount 











24-16 ELECTRONIC COUNTERMEASURES 


of galn between Input and output terminals, a requirement on the amount 
of voltage (or power) that may be needed at the output, ‘The maximum 
output voltage is limited by the amount of plate current that can flow 
through the load resistor of the last stage. The highest value that can be 
uchieved- -without regard to the requirements of linearity-—is that of a step 
function that carries the plate current from zero to the maximum rated 
value for the tube. This rated value differs from tube to tube, and one would 
tend to choose a tube with a high current rating. But, since the rise time of 
the output stage enters Into the total rise time of the amplifier, one must 
consider this factor as well. Several tubes can therefore be compared on the 
basis of a new figure of merit suitable for output stages as proposed by 
Valley and Wallman (Reference 2, pages 103, 104), this ts the ratlo of 
maximum voltage output to rise time, and depends upon the cutput capaci- 
tance C, of the tube and the capacitance of the load C,. As an example, 
several tubes are compared in Table 24-111 for a 20 puf load, such as might 
be encountered with the deflection plates of a cuthode-ray tube. 


Bees = Lous Re. (24-12) 
Dn = 2.2 Ry, (Cy + Cy) (24-13) 
Binge] lu save les /2.2(G. d C;,) (24-14) 


While the data of Table 24-11] give a relative rating to the tubes listed, the 
actual number of voits per microsecond that ts obtainable may vary with the 
practical clrceumstances, The values listed assume either that the tube carries 
rated current with no signal, and that a negative-going step cuts off the 
current entirely, or the opposite of this, Le, the current ts cut off in the 
quiescent state but turned full-on by a poaitive-going step at the grid. If the 
amplifier must accomodate steps of either polarity, the quiescent operathag 
point would have to be chosen as approximately J)... 72: 


TABLE 24-111 


Tube ly in Gi Foams, ‘TR 
(tu) (pip) v/psec 
6AU0 10 5 182 
6GAKS 10 % 200 
60°16 30 5,0 248 
bAQS 45 4.2 725 
6VOOT 4§ no 750 
6L.6G 75 LG 1130 
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A special case exists in which the signals are knuwn to be always pulses of 
a duration that is short compared to the Interval between pulses, i.e. pulses 
of low “duty cycle’, In such a case it may be possible to exceed Jong, on the 
positive peaks if the tube rating is based upon heating, f.2. plate dissipation. 
Sometimes the rating is based on emission limitations or grid current. Each 
tube needs tc be treated as a separate problem. 

Occasionally an output stage must operate into a low-resistance load, such 
as a coaxial cable used to transmit the signal to a distant location, Such a 
cable is usually terminated in its characteristic resistance Ry, and so the 
impedance seen from the ampiifier is simply a resistance of this value. From 
consideratlon of the long-time (or low-frequency) response—to be taken up 
in Section 24.3—an unreasonably large coupling capacitor would be required 
with a low value of R, (notice that Ry corresponds to R, in the analysis as- 
sociated with Figure 24-2. Hence, the output stage Is usually operated either 


bine 
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as in Figure 24-23 or 24-24. The cathode-follower 
arrangement of Figure 24-23 has the advantage 
w~'' that the coaxial line {is at a iow d-c potential, 
“ "" Otherwise the two circults are comparable so far 
as transient response is concerned, The equivaient 
clreult of the cathode fullower is shown in Figure 
24-25, For anu interesting commentary, see Reference 14. 

If the output stage must drive a capacitive load, such ea an oscilloscope, 
for Instance, the cathode follower will provide a smaller rise tline (at the 
expense of smal! gain, however, but we are not considering gain for the 
output stage, We = ould if we have alternative ways of providing the needed 
output voltage.) In contrast with Eq (24-13), the rise time for the cathode 
follower is: 
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Vy 2.2R,C, (1 { R i: R,) 
= 926) /(G), + (b+ mw) ee (24-15) 


Mt should be pointed out that with a large capacitive load, it is sometinnes 
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feasible to use several output tubes In parallel with Improved performance. 
The currert js doubled Ly adding the second tube, but the total capacitance 
increased by a smaller percentage. 

Also it may be tnat for given specifica. 1 of output voltage and rise time 
there will be several tube possibilities that would be satisfactory, In such a 
case It would be reasonable to introduce other factors Into the comparison 
auch as gain and input capacitance, the latter influencing the rise time and 
gain of the preceeding stage. 


Transient versus Steady-State Response 

Here we have a topic of Jong standing theoretical interest, and one of con- 
siderable practical importance. The state of our knowledge [s substantial, bur 
unfortunately not reducible to a few simple axioms. Although # full-scale 
recouniing of the published papers is not practicable here, the results can be 
summarized and a few common misconceptions pointed out. 


a. Rise Time versus Bandwidth, For many years the term wideband has 
been used to describe the type of amplifier one builds in order to obtain a 
fust response fo a step transient, especially in the television art. As was 
pointed out (Section 24.1) for the simpie resistance-coupled circult there /s 
8 correspondence between the rise time and the high-frequency Hinit of the 
amplifier at which the steady-state ampiitude response is down to 70.7 
percent of the ‘midband’ response, The various empirical studies have 
shown a general relationship to exist as follows: 


Vy, = 0.335 to 0.45 (24-16) 
woere 7’, = rise time, 10-90 percent 
i bandwidth, from Oto upper J db frequency 


In Eq (24-160) the value of 0.35 matches best those circults whece the 
overshoot is small or zero, while 0.45 corresponds to overshoots of, say, § 
percent or greater, 

Theoretical analysis of two idealized situations yields values of 7, that 
compare favorably with Eq (24-10). The first of these is the so-called ideal 
Htter, having a characteristic as shown in Figure 24-26. Associated with the 
amplitude characteristic as shown is 3 dinear phase; Le, constant tlie delay 
for all frequencies transmitted. Such a response is not physically realizable; 
this is proved by Valley and Wallman (Reference 2, pp. 721-723), but ts 
so apparent from the faet that when aostep function is applied at t <0 
the computed response shows finite output prior to this time, The sature of 
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the step response is a sine-integra!l function, yleiding always 9 percent over- 
shoot and 


TB == 0.51 (24:17) 


Another amplitude reaponse of theoretical interest is the so-called gaussian 
function shown In Figure 24-27, Once again wi «ssociate a linear phase 
characteristic with this amplitude response, and once again the combination 
fs not physically realizable (although the amplitude characteristic is achieved 
in the limit by an infinite number of resistance-coupled stages), The response 
of a syatem of this kind to a step functloa is also a gaussian function, pos- 
sessing zero overshvot, and: 


TB = 0.43 (24-18) 


The conclusions to be drawn from these results are that for a given kind 
of clreult, and for the same amount of overshoot, a faster rise is obtained 
with « greater bandwidth, However, merely Jacreasing the bandwidth with- 
out regard to overshoot does not necessarily lead to “better” response, Thus, 
taking a given amptifier, whose amplitude response may be a gradually de- 
creasing fuaction of frequency and attempting vo speed it up by adding 
compensating elements in order to make its response approuch that of Figure 
24-26 will Indeed speed up the amplifier because of the higher value of the 
Vy8 product, but the resuliny overshoot may render the amplifier worthtess 
for the intended application. 


b, Transient Distortion versus Steady-state Distortion, An ideal amplifier 
from the transient view would have zero rise time and no overshoot, An ideal 
amplifier from the steady-state view would have an amolitude response that 
would be constant to infinite frequency and phase shift) propertional to 
frequency. Failure to achleve these ideals is termed distortion. The transient 
distorUion ds deserlbed in terms such as rise time and overshoot, whereas the 
ateady-stage distortion can be described as amplitude distortion® and phase 


*Sometinies called frequency ditortion by authors who use amplitude dbtordon for 
nonlinear effecia, 
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distortion, A distortion in either the amplitude or phase characteristics will 
lead to trangient distortion. This fact is not obvious aad several analyses 
will be found In the literature that examine the relative importance of the 
types of distortion; we shall shortly consider two of these analyses. 

Actually, of course, in most simple amplifier interstage networks of the 
type already presented in this section the amplitude and phase responses are 
interrelated In a manner characteristic of ihe broad class of networks Ideati- 
fied by the term minimum phase; it will not be possible pers to go into the 
details of the definition of this terminology, nor Into the details of the ampli- 
tide-phase relationship, but suffice it to say that fecdback circuits, lattice 
and bridged-T structures, and distributed-parameter aystems are the ones 
usually falling outside the minimunyphase class. A basic reference on the 
subject is Bode; see Reference 15, The relationship between amplitude and 
phase stems from a basic property involving the real and imaginary parts of 
a class of complex varlables; see Reference 16. A brief discussion is alse tu 
be found in Terman; see Reference 17. Thus, {t is somewhat futile to attempt 
tu place the blame for transient Cistortion upon either the ampiltude or phase 
distortion alene, Nonetheless, it is instructive at least tu assess that distor- 
tion due to amplitude response, for it lx possible—and Indeed common pruc- 
tice on complicated transmission aystems—to exploit a device known as a 
phase equalizer, By use of this device, which is an all-pass network of the 
nonminimum phase class, it is fessible te make the phase response more 
nearly linear, without influencing the amplitude response, The use of such 
equalizers is far beyond the scope of this treatment, although they are of 
great importance is long-distance television transmission systems. In fact, it 
might be said that their utility Hes in systems that are limited to narrow 
frequency channels rather than in wideband systems where the guin-rise-time 
quotient of the amplifier tubes is the limiting factor, For references of in- 
terest on phase equalizers, see 18, 19, and 20. See also Bell System publica- 
tions. 


Special -lmplifiers for High Speed 

Although the detaily will be reserved for Section 24.4, it is appropriate to 
mention here that when fast amplifiers are required (amplifiers with small 
rise time 7), faster than can be provided by the networks of Figures 24-4 
through 24-19, there is the possibility of an altogether different kind of 
amplifier configuration, The clreults in the sectlon above have been of the 
product variety, or cascade, the former term describlng the fact that the cver- 
all gain function (of frequency) is the product of the Individual stage gain 
functions, while cascade implies that one stage is connected after another. 
There is another class of amplifiers, which can be called additive, because of 
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the additive nature of thelr gain functions, and which permit cf far greater 
speeds with conventional tubes than the cascade amplifier provides. This 
class includes the distributed amplifier and the sfidt-band amplifier. Research 
fs stli} belng conducted in both these categories, but the present-day status 
will be discussed In Section 24-4, 


24.3 Linear Video Amplifiors: Step Function Response (Sag, etc.) 
for Large Values of Time 

The failure of practical amplifier circuits to transmit a step function 
perfectly for large valuce of time is in one sense a failure of the circuits to 
transmit direct current, or what is almost the same thing, very low frequen- 
cles. The long-time response to a atep is generally better if the so-called low- 
frequency response of the amplifier is good, and Indeed, most discussions of 
the subject In textbooks are phrased In terms of the low-frequency, steady- 
state behavior, The step response {s often the desired criterion, however, and 
can be dealt with directly. For an example, in a television system, a picture 
in which there Is a background (such as sky) with uniform Intensity 
across the scene would require thet the video amplifiers maintaln constant 
(or almost) voltage for the duration of each horizontal scan period; thus, 
for an Interval of about 60 usec the step response must be constant to within 
some specified sag. The corresponding low-frequency be!avior ts purely In- 
cidental, and specification of the amplitude and phase response at low 
frequencies is at best Indirect and not necessarily unique for a given sig. 

It was shown in Sectlon 24.1 that there are only certain portions of the 
complete circuit of Figure 24-2 that influence the long-time behavior: thus, 
the simplified clrcult of Figure 24-6 adequately deacribes the response shown 
in Figure 24-7. This circult contained oniy the coupling elements C, and &,, 
whereas in a practical pentode amplifier circult it Is necessary to consider also 
the cathode bias circuit (Ry and Cy in Figure 24-2) and the imperfectly 
bypassed screen-grid voltage supply. These will be taken up individually; 
the analysis follows closely that of Wallman (Reference 2, pages 84-92), 


24.3.1 Coupling Cireult 

This clrcult has already been analysed for a single amplifier stage In Sec- 
Hon 24.1, with results as shown in Figure 24-7, Whea a step function voltage 
is applied to the grid of one stage, the waveform delivered to the ,~'d of the 
stage following is an exponential which decays to zero with time constant ry 
equal to RC..." This time constant is usually made very large compared to 
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the time Interval within which the circult must maintain a constant output 
voltage with « specified maximum sag. Thus, the circuit operation is con- 
fined In time to the Initial portion of the exponential curve, which is closely 
a atralght line having a slope, In percentage of the initia} value, of 100/ry. 

When several stages are connected in cascade, the time response is not a 
simple exponential, but will contain terms In ¢?, 2", etc., If the stages are iden- 
tical or will be sums of exponentials if the stages are all different. 

When the input signal is a one-volt step function, then In terms of a 
normalized time variable ¢ = (actual time)/R,C,, the results of Table 24-1V 
are obtained. 


TABLE 24-IV 


Kh tn(¢?) Output Voltage Initlsi slope, ¢ == 0 
| e —| 
2 e'(t—?) -——2 
44 
3m. CU 
t abice oP ae ay aoe a 
“ ¢ ( jt 4 3 4 —4 


The situation regarding Initlal slope is of particular Interest since this 
determines the sag. It can be seen from Table 24-IV that the slope 
(or sags) are additive. That Js, the sag will increase directly with the num- 
ber of atugen, This Is also true for the case of nonidentical stages. 


24.3.2 Sereen-Grid Circuit 

The voltage supply for the screen grid in the usual pentode amplifier is 
obtained via a series resistor from the main plate-voltage supply, or occasion- 
ally from a voltage divider. In either case, the screen source has an internal 
resistance, and in order to Jimilt the voltage variation at the screen there is 
customarily included a bypass capacitor from screen to cathode, Since the 
capucitor cannot be infinitely large, there is a voltage variation at the screen. 
This affects the space current In the (ube, and hence the plate voltage is also 
alfected, 
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The first step In the analysis of this situation is computation of the screen 
current 4,, (actually the incremental change in screen current, neglecting the 
steady d-c component). The equivalent circult is as in Figure 24-28 and the 
waveform of f,, in Figure 24-29. Because of the proportionality between plate 
and screen current Figure 24-29 also depicts the waveform of plate current 
and load voliage. At the initial Instant (¢ <= 0) ali the generator current 
iy, (9) flows Into the capacitor; hence: 


4y, (C) = ky ty (24-19) 


Finally, as ¢— peo, the generator current will divide between 7,, and &,, 
such that; 


Puy 
iy, (90) = Km ¥,°! Bk +R. (24-20) 
‘Time constant ¢ for the exponential charging of C,: 


( r, R, 
god esate: 
T oe ry 4 R, Ci (24 21) 
\ ‘3 


Then the current slope at the Initial instant Is: 


di - é 
oN eee te (24-22) 
dt ’ Fa C; 
fe Q $ 





The real interest is in current and voltage in the plate circu!!, where the 
output of the amplifier stage is obtained, The following relationship can be 
employed: 


by Rom 
i, = Rm 3 (24-23) 
2 a 


Then the plate current slope becomes: 


di, Amey 


=e 


at l\i=O” i ty (24-24) 


Since the output voltage in the plate circult is #,Rz, 
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Output voltage slope = cule (24-25) 
g a 
w 


Let (gmRr) (€,) = 100%. Then, 
Percent slope == — 100/ry,C, (44-26) 


Cathode Bias Circutt 
The third and last contributing cause of sag, or distortion In the long-time 
translent response, Is the caihode bias circuit so frequently usec in practical 
amplifiers to biag the grid sufficiently negative to prohibit the flow of grid 
current (Figure 24-2). 
Quailitativeiy, what happens when a step function is applied to the grid is 
that the cuthode bypass capacitor acts as a perfect short circult at first, and 
' the tube amplifies with full gain. The capacitor slowly 
charges, however, and finally in the steady-state the 
bias resistor !s essentially unbypassed. The effect of the 
7* cathode resistor {s then degenerative, and the gain 
Fiaumy 24-30 ig reduced. The waveform Is as in Figure 24-30. 
At the initial instant the bypass capacitor fs completely effective, and 


€.(0) == (am Rie, (24-27) 
The final value Is: 

,(00) = gm Ryey/(1 -+ Bm Re) (24-28) 
The time constant for the exponential decay is: 

p= RyCy/(1 + ee Ry) (24-29) 


From this the initial slope can be determined as; 


fT 


Siipe weasel eee, Riew)( oer) (24-30) 


Yo Slope == — 190 gm/Cy (24-31) 


Notice thet the alope does nor depend upon the size of the bias resistor Ry; 
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this {s similar to the screen circult, where the siope was Independent of the 
dropping resistor 2,. 


24.5.4 Summary 
The three sources of sag; {.e., deficiency In the long-time traralent response, 
give initial slopes as follows (for a single stage) : 


{% /8ec) 
1. Coupling Circuit —100/R,C, 
(coupling capacitor C, 
-( grid resistor &,) 
2. Scree, Grid Circult ~ 100/% C. 
(dynan. ~icen resistance r,, 
and bypa. care rer C,) 
3. Cathode Blas Crcuit — 100 gnC, 


(urid-plate trarsconductance gm 
and bypass capacitor Cy) 


These relationships are valid only for small values of ¢/7; Le., for smal! 
enough time that the exponentia! response can be represented dy a stralgnt 
Hine, 

The relationships were derived singly {n order to ascertain which circult 
elements governed the slope, and to obtain a quantitative measure of their 
contribution. In a practical amplifier the three effects will occur in combina- 
tlon in each stage, and In a cascade of stages the total effect wil! Increase 
with the number of stages. In principle, to find the manner in which these 
effects should be combined one should examine a large number of casey or 
elxe provide some yeneral formulation as Elmore has done for rise time in 
the short-time response, Lacking this, however, one can extrapolate from the 
results (shown in Teble 24-1V) for # cascade of stages having only coupling- 
circuit deficiency. Here {t was found that the Initia! slopes of e(¢) are di- 
rectly additive as the number of stages is Increased. Thus it seems net 
unreasonabie to add directly the initial slopes of the time res;onse. 


Total Slope (or 


- =« Individual Slopes (24-32 ) 
sity ) 


(or sags) 


From the evaluation of the separate causes of slope in the long-time 
response, it becomes evident which of them Is the most severe. In particular 
it becomes apparent that the cathode-bias clreult is a worse offender than fc 
the screen clreult; both depend only upon the tube characteristics and the 
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size of bypass capacitor, so a direct comparison can be made. As an example 
consider a 6AU6 tube, where typical values of g,, and r,, are 500 micromhos 
and 23 K respectively: 


— 100 = 100 


Screen slope == Se T {eer =F 0.004% /psec uf 
# a a & ,COOC, 
ff 
fn 
Cathode slope “aE he = sexs vas id _ = 0.5%-.,/psec af 


‘Thus, for the same slope in either case it would require a cathede bypass 
capacitor 100 times as large as the screen bypass capacitor, If the slope re- 
quirements are particularly stringent, Jt Is sometimes expeditious to leave 
the cathode resistur unbypassed altogether. This reduces the gain, but re- 
moves the cathode slope entirely. 


24.3.5 Cathode Peaking 

in the special case where strict requirements on slope make it desirabie to 
leave the cathode bias resistor unbypassed, it becomes necessary to re-evalu- 
ate the short-time transient response. In so doling !t has been found beneficial 
to add a small capacitor acroas the bias resistor, instead of having none at 
all. This capacitance is so small, however, that Its effect is negligible on the 
long-time response. In the short-time response, though, the rise time can be 
improved, with beneficial effects sinular to those of shunt peaking, and hence 
the name cuthode peaking is usunily ascribed to this technique. The analysis 
proceeds from the circuit of Figure 24-31, The equivalent cizcult is shown 
in Figure 24-32. 





Froumre 24-31 Figur 24-32 


It will be convenient to define p = RiC,/RiC and K = 1 + gaRy. We 
are interested in trying different values of C, for the clreult; the other ele- 
tents are already determined. ‘Thus, we can let p take values ranging from 
zero (cathode resistor unbypassed) to infinity (resistor perfectly bypassed), 
Three special values of p are of interest: 


9 
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p 0 (C, = 0) 


e,(#) = 1 ere “VRC 
Seu ce ae NC oa = ) (24-33) 
p= 0 (Cy, = @) 
_ bolt) ah 24-34 
= emR =(1- a) 
pm! me C) 
elf) - “kt 0 35 
ge) gay 
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The time response for various values of p, and for a particular’ value of K 
(approximately 2), is shown in Figure 24-53. Notice that p = | gives a faster 
rise than dves » == O, and is the largest value of p that gives a monotonic 
rise (no overshoot); hence, this is the value usually chosen in the cathode- 
peaking technique. Notice also that p == 100 is a value in the usual range of 
cathode bypassing; there [s a fast rise-—essentially :h..4 cu: the Ideal case 
| ss 00 )—followed by a long-time sag as previously analyzed for the cath- 

bias circult. 

It would appear from a comparison of Eq (24-34) and (24-35) that 
cathode peaking with p = 1 gives a faster amplifier than does the perfectly 
bypassed case. Both responses are simple exponentials with a 10 to 90 per- 
cent rise time already given in Eq (24-3): 


For pms & Fur p = | 
Tn 2.2R,C Tp soe 2.2R,C/K 


Thus, so long as A [ls greater than one, the rise time is indeed reduced by the 
factor A. Unioriunately, it is not usually sufficient to consider rise time 
alone. Phe peaking circults in Section 24.2.2 were compared on their ability 
to improve the gain/rise-time ratio. On this basis the cathode-peaking cir- 
cult offers nothing, because the gain is reduced by the same factor that the 
rise time is reduced, namely K; hence, the ratio is the same as without peaking. 


mr te LN, i 
oe 


aie 
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This perhaps conveys a needilessiy unfavorable impression about cathode 
peaking. The reduction in gain can be restored by Increasing R;, by a« factor 
K. Then the gain is the same, the rise tlme is the same, but a much srnaller 
bypass capacitor can be used, and there {s no zag. 


24.3.6 Slope Compensation 

This Is sometimes celled low-frequency compensation, and rightly so, 
inasmuch as the slope or sag in the long-time response to a step is governed 
by those circult elements which govern the low-frequency steady-state 
response. However, a steady-state analysis is perhaps at its worst when it 
comes ic the questicn of how much compensation should be used for a good 
step response. 

In transient terms we have already evaluated the long-time step response 
of the conventional circuit, and have found that sag results from several 
‘auses: coupling circuit, screen circult, and cathode-bias circuit, Each of 
these is the source of a iicgative initial siope, and thelr #ffects tend to add 
directly, What we need is a circuit that will provide a positive initial slope, 
and one which will add to the negative slopes In the right amount to make 
the sum equal tc zero, 

It turns out that the so-called decoupling 
clrcult which is # normal part of a multiztage 
amplifier—Iintroduced to diminish coupling 
from one stage to the others via the common 
Ey, supply--{s a suitable compensating circuit 
* {£ proportioned properly. It is a long-time- 
constant citcult, the element values can be 
« varied considerabiy without hampering its de- 
coupling effectiveness, and {ft does provide a 
positive Initial slope. The actual circuit is 





Fiauay 24-34 





Mucttnn 24-38 


LE LL LR AAAS | lieve arr aSSrUPSR SS SERSTERM tien etd 
ee 


=z 


CiRCUITS 24-29 


shown in Figure 24-34, and Its equivaient for analysis purposes in Figure 
24-35e, with the corresponding waveform of ¢, for a step Input ¢, shown in 
Vigure 24-35b, 

In Figure 24-35 initial current gn¢, flows only through Cy, (not R,). 
Voitage rise across Cy is gn¢y/Cy and adds directly to ge), which is initlal 
value of ¢,. Thus, 


Cy == Emt, Ry + ZmOgt/Ce (24-36) 
Slope == -+ gmt,/Ce (24-357) 
Let QmtyRy, = 100%. Then (24-38) 


Slope = 100% /RiC, 


The slope Is evidently positive, and hence, by selecting a aultable value of 
C’, for the particular Ry, being used it fs possible to provide cancellation of 
the negative slope due to one or more cf the couses discussed above. For 
instance, to cancel the slope due to the coupling circult, choose Cy so that: 


RiCe= RCo (24-39) 


By way of caution it should be pointed out that although Ry does net 
appear In the Initlal slope, it is necessary that RyCq be large compared to the 
period of the step, both in order that the decoupling function be supplied and 
that the exponential functlon of Figure 24-3$b be adequately approximated 
by the Initial atraight-line tangent. 


24.4 Additive Amplification 

Conventional amnlifier systems, as discussed in the three sectlons preced 
ing this one, could be called product amplification, This is to say, when 
several stages are connected in cascade, the over-all steady-state gain func- 
tlon (of frequency) is the cortinued product of the Individual stage gain 
functions, In contrast, the amplifier structures to be described in this section 
have a gain function that is the sum of the gains” provided by the separate 
elements, 

Product, or cascade, amplification is older and more widely used. Tf the 
requirements on rise time (or bandwidth, in the steady-state) are not 
vevere, it given amount of gain can be proviced with fewer tubes in the cas- 
cade connection, But when the requirements are severe, it may be lmpossible 
to meet them with the product system, and yet the same tubes may be used 
in an additive structure to meet the requirements, The criterion that deter- 
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mines whether the cascade structure will work Is the famiilar quotient of 
gain over rise time, a factor that depends primarily on the tube (‘Table I), 
but which may be improved by more complicated circuits (e.g., Figure >4- 
Zz), 

The difficulty becom: appurent when one is faced with providing a certau 
over-all gain for m stages (m unknown) and a certain over-all rise time Ty, . 
There are various tube types available, each with a particular g./C, and one 
has at his disposal certain networks, each naving an efficiency factor » ex- 
pressing the relative sneed with respect to the elementary reslstance-coupled 
circult, These are the building blocks. Unfortunately, there is a limit to what 
can be done, As given in Eq (24-11), the analysis by Elmore has shown that 
there (Is a minimum rise time that can be achieved with a given over-all gain. 
If the requirements call for a smaller rise time than Eq (24-11) permits, the 
job cannot be done wiih cascade amplification, except for the advent of 
better tubes or networks (the latter cannot be expected to provide an 
efficiency much better than four, and become inconveniently complicated at 
values of two), 

Qualitatively, what happens is this. Suppose thut a given rise time Is 
stipulated, together with an over-all gain. One stage can be designed to 
provide this rise time, but it is found that the gain is insufficient, So, one 
goes to two stages, but in crder to keep the over-all rise time the same, it is 
necessary to reduce the rise time of each stage. This is done by reducing the 
size of the loud resistor, and hence reduces also the stage gain. If the over-all 
xitin ts stil! insufficient, the process {s repeated. As the process is repeated, 
the stage gain becomes less and less, and would ultimately become less than 
unity, ‘This would be an absurd state of affoirs, because the over-all gain 
would than be less than the gain of one stage. The practical limit fs actually 
reached when the stage gain has shrunk to 1.65, in accordance with Elmore’s 
analysis, 

Additive amplification is the way out. In fact, it even works when each 
tube contributes a gaia of fess than unity! 

There are iwo principe! types of additive structures. One of these is cailed 
the distributed amplifier; it was first enployed in a British television I[n- 
stallation in $937, and has been in extensive commercial use in the U.S. 
since 1948, The other is the split-band amplifier, and is sail under develop- 
ment, 


Distributed Amplification 

This form of amplifier structure was first proposed by Percival in 1935 in 
u British patent (Reference 21), although the system did not go into active 
use until after the first published analysis (Reference 22) in 1948, 
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The basic idea of the distributed amplifier is surprisingiy simple, although 
there wre, of course, many vractical matters tha: contribute to the difference 
between actual performance and the first-order theory. The clementary form 
of the structure Is given in Figure 24-36. The networks £,C, comprise the 
so-called grid line, a cascace of filter sections in which the capacitors C, are 
the Input capacitance of the tubes. Similarly, the networks £4Cy are the plate 
line,* Cy being the output capacitance of the tubes. The two Hines are designed 
to have the same phase velocity, and ere terminated in their characteristic 
resistances Ryo, and Roy, respectively, so that no reflections take place. The 
lines are further assumed to be dissipationless, so that a wave can travel 
along either of them without attenuation. 

Within the limits of these idealized conditions, the following reiationships 

hold: 


‘ Ry = VL [C1 
Characteristic impedance cb ee (24-49) 
. Ror = VLi/Cs 


Phase velocity (sectlons/sec) uv, = V/VLiC, = t/\/Laes (24-41) 
Plate current of each tube = gn[E;| (24-42) 


Because of the equal velocities In grid and plate lines the nlate current con- 
tributions of successive tubes will add directly, ie., they are all In phase at 
the load. 


Loud Current = 9 gift) /2 (24-43) 


The factor 2 in Eq (24-43) comes in because half the current contributed by 
each tube flows to the left in the plate Jine, and ds lost in the terminating 
resistor Rog. (In spite of the current thus lost, the resistor Roy fs usually neces: 
sary to prevent reflections due to the wave travelling to the left, which at 
certa'n frequencies could cance! the wave traveliing the right at the load. 


Output voltage, £, == nm gall Ro: /2 (24-44) 


a 
Amplification, A= ,/, AkmRuy/ 2 (24-45) 


equation (24-45) displays the basic property of the distributed amplifier, 


*The conveational Miter formulas are open to queatlan where the plate tine is con- 
cerned, slnce (he structure da driven by a number of current generators along the structure 
insiend of by a single generator at one end, This aliuation la analyzed in References 24 
und 24 


# 








24-32 ELECTRONIC COUNTERMEASURES 


namely that the amplification Increases linearly with the number of stages, 
le. each tube contributes a guin of g.,Ro,/2, and the total gain is the sum of 
the individual contributions. Indeed, each tube may contribute a gain of less 
than unity, and yet the total gain can be made as large as desired by adding 
a sufficlent number of tubes. This situation is not possible with cascade 
amplification. 

It is feasible—-and frequently advantageous—to cuscade stages of the type 
of Figure 24-36. This ls done by connecting the grid line of the second stage 
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as the load on the first stage (with a blocking capacitor for d-c isolation, of 
course), Should Ro, and Ry, not be the same, & transformer {is in principle 
required to join the two stages in order to prevent reflection. A transformer 
with sufficient bandwidth (up to 200 me In typical distributed amplifiers) Js 
not available, and so it is more usual to make Ky, and Rey the same by add- 
Ing to the smaller of Cy or Cy in order to equalize them. The effect is the 
same, though; the gain is reduced. With the transformer, (24-45) becomes: 


A = nim R aittea/ 2 (24-46) 
If, instead of a transformer, capacitance is added to the amailer C: 
A ~ RE vos (Ru, /2) if Ro < Roy (24-460) 


The question to be asked about cascading is, when does one stop adding 
tubes along the line in one atage, and add further tubes in a second stage? 
This readily is answered for the idealized conditlons we have thus far con- 
sidered, Le., that the grid and plate networks behave perfectly as lines. Sup- 
pose that a total gain a, is required, how few tubes. V’, are necessary Ip m 
stages, with » tubes per stage? The contribution of each tube to the stage 
gain lin Eq (24-46) fs -t), where 


ay = (em/2)/ Ro Ror 
therefore, 


A = 0A) 
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and 

A, == (nA,)" (24-47) 
ale 

N= mm (24-48) 


From the equations (24-47) and (24-48) it is possible by differentiation of 
N with respect to m to find a minimum value of NV for a given aA,, This 
minimum occurs when 


Azz nd, = « 


— 2,72 ma 8.7 db ae 


This relationship is given by Ginzton, ¢¢ a/., and by Copson in Reference 
25. The relation assumes that there is no bandwidth shrinkage as stages are 
cascaded, which is correct for narrow, low puss cascades, In very wide-band 
ampliflers the frequency response diminishes with attenuation due to loading 
of the grid line by the Input conductance of the tubes, Allowing for bandwidth 
shrinkage according to an arbitrary function 


B,,/B, = 1/V/m 


gives an optimum stage gein of «8! instead of cas in Eq (24-49), 

Thus, the most efficient use of tubes results from cascading stages of no 
more nor less than 8.7 db per stage. Of course, we have Searned that cas- 
cading stages Impairs rise time and reduces bandwidth, and this consideration 
has been neglected here. 

The analysis can proceed no farther without a study of the grid and plate 
networks. ‘The basic premise in the elementary theory of the distributed 
amplifier is that these networks simulate smooth Hres, terminated in the 
appropriate Ky so that no reflections occur, Apart from the termination prob- 
lem, the important requirement is that the velocity be constant with fre- 
quency, This is the same as saying that the phase shift must ba proportional 
to frequency, Failure to realize this results in paase distortion, which, as was 
considered In Section 24.2, shows up also in distortion of transient signals. 
Naturally, {t is true that the amplitude distortion (asa function of frequency) 
tise enters into the translent Gistortion, [t appears, however, that the clemen- 
tury dadder networks such as on Figure 24-36 have a) disproportionate 
amount of phase distortion, and hence an all-out effort to improve this re- 
sults in a better balance between amplitude and phuse distortion, and a 
better transient response. 
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The preblem of designing the best possible network for use in the dis- 
tributed amplifier has its counterpart in the design of the hest possible delay 
line from lumped, dissipationless elements. These delay lines are used in 
oscilloscopes, radar, etc., and provide small time delays with as little distor- 
tion as possible, j.e., distortion of rectangular pulses or other transient wave- 
forms. Interestingly enough, the network most widely used In delay lines Is 
the same as that in the typicai distributed amplifier. References on the delay 
line include 26, 27, 28 and 29. Actually, the distributed amplifier presents a 
somewhat more difficult network problem, because the Input conductance of 
the tubes connected to the grid line introduces diesipative elements in shunt 
with the cepacitances; this will be discussed !ater, 

Consider now the basic circuit of Figure 24-36. The grid and plate net- 
works have the appearance of transmission Hnes in which the infinitesimal 
elements of series inductance and shunt capacitance In the continuous line 
have become finite. It {s, indeed, an artificial line, and the properties of such 
lines (la the steady-state) have been known since the early days of the 
telephone. Moreover, the whole art of the wavs-filter was first devised by 
G. A. Campbell from the concept of the ertificial line, and we can profitably 
use the results of much wave-filter enalysis in the problem here. 

The artificial line falls us because !t has one characteristic not possessed 
by the smooth line, numely a cute§ frequency f., where 


fo z= 1/eVLCO (24-40) 


The significance of the cutoff frequency for the network structure In Figure 
24-36 (which Is shown again in both its 7 and pl equivalents, in Figure 24-37 
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and 24-38, respectively) is that a chain or ladder of sections of this type will 
transmit frequencies below, but not above, this frequency. Moreover, there 
isan abrupt discontinuliy in the phase velocity and the characteristic im- 
pedance® at the cutoff frequency, and indeed these parameters begin to vary 
aynificantly with frequency long before the cutoff is approached. Equations 


*In Siter analysin thin de called the dmage impedance, which in the case of the input. 
Impedance to an infinite ladder of sectlons is also the characterlatle Impedance, The 
latter is defined ds terme of reflections, whereas the former ls defined aa the input im- 
pedance to a evcctlon when terminated at the outlay by an impedance equal to the im- 
pedance loaking back Into the output terminals, he, the “image”, using the mirror analogy. 
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(24-49) and (24-41) for the characteristic impedance and velocity, are those 
that would be appropriate for a smooth line, If L and C represented the 
values per unit length; they also hold for the lumped network at very low 
f.eqriencles (faz from cutoff). The general expressions for the impedance and 
vel city at any frequency In the region below cutoff are: 


L/t 


(25-51) 
l= (f/fe) 


Characteristic (image) impedance Ry =: 


Phase velocity 


] 
(sections per second) “! — “Vic v1i-— G/.)* (24-52) 


The delay + per section is defined as 1/v,. A plot of ¢ and Ro {s given In 
Figure 24-39, 


raz VLC/ V1 = (f/fe)? (24-53) 


It can be seen from the figure that there are two problems which were not 
considered in the ideal line case. One is the termination problem, and the 
other the time delay, or velccity problem. It is importané that the grid and 
plate networks be terminated ac that there are no reflections; otherwise, us 
the frequency is varied, the reflected wave could alternately add to and sub- 
tract from the forward wave, thus producing variations jn the amplifier yaln 
1s a function of frequency. From Figure 24-39 {it is apparent that the ter- 
injnating impedence must vary with frequency in the manner indicated there, 
Instead of belngi = ple realstor us depicted In Figure 24-36. 

The other problem, time delay, is serlous from the standpoint of the tran- 
alent response. The curve of Figure 24-39 displays phase distortion, Le. the 
time delay is not constant as would be the case with phase proportional to 
frequency. The discussion in Section 24.2 brought out the undesirable tran- 
sient performance resulting fron: phase distortion. 


| ‘v4, We, 
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Both of these problems can be solved sufficiently well for practical pur- 
poses, although the sulutions are by no means the ultimate. Consider first 
the termination problem. The proper terminating impedance, with character- 
istics as in Figure 24-59, can be provided by what the filter people call an 
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m-derived half-scctlon. A few words might be in order concerning the back- 
ground of terminology, as weil as the device itself. 

The network sections of Figures 24-37 ard 24-38 are low-pass forms of 
general filter sections shown in Figures 24-40 and 24-41, Proper choice of 
the elements making up Z, and Z, permits net only low-pass structures, but 
also high-pass, bandpass and band-elimination filters. One basic type of all 
these Is the so-called constant-& structure, in which, independent of frequency, 
the following relationship holds: 


A? — 2:2; 


The m-derlved section evolves from the constant-& one in the following 
manner, If a network section is assembled as in Figure 24-42, In which 2; 
and 2, are the same as in tue constant-& (sometimes called “prototype’) 
section of Figure 24-40, such a section ts sald to be m-derived. The coefficient 
m can be any real constant, not necessarily an integer. ‘The m-derived coun- 
terpart of Figure 24-37 is shown in Figure 24-43. 

The m-derived section of Figure 24-43 has the same cutoff frequency and 
the same variation of image impedance as does the pretotype In Figure 24-37. 
Hence, such a section could be inserted In a ladder of prototype sections with- 
out producing reflections at any frequency. There sre positive advantages to 
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the m-derived section, beyond this permissive attribute of being able to use 
the section jn combination with the termination preblem. Suppose that we 
split the wi-derived section of Figure 24-43 inte two half sections as in Figure 
24-14, and then examine the image impedance looking Into the terminals 
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a-a; this is calle the mid-shunt impedance. For various values of m it 
varies with frequency as indicated in Figure 24-45. This Is quite remarkable, 
because for all values of m the image impedance of the main section (ter- 
minals 6-6) remains as In Figure 24-39. The value m == 0.6 is particulariy 


useful, Notice that R’o/VL/C Is very close to 1.0 to a frequency nearly equal 
to f/,, Our terminating technique is now {in hand. We connect a resistance 


VL/C to the terminals a-a; this matches the mage impedance R’y (within 
the limits of the approximation of the m == 0,6 curve). and hence looking to 
the left at 6-6 the Impedance Ry i3 the same as though there were an Infinite 
number of elther e-derlved or concstunt-& eectlona extending to the left of 
a-a. Then we connect the terminals 5-5 to the /x‘ider extending to the right, 
which ladder is then terminated. In Figure 24-94 ‘hiv is dene for the plate 
network of the distributed amplifier. 

Our first problem is thus solved, with the ald of the te: unating half-sec- 
tion. Four of these terminations are usually required, one at each end of 
both grid and plate networks. 

The next problem, that of the frequency-variable time delay, is ulso solved 
with the employment of an m-derived atructure. If one explores the time delay 
per section for various values of m, curves such as those of Figure 24-47 gre 
obtained. Notice that m == 1.27 has a particularly favorable characteristic, 
in that the delay tline rerniains approximately constant to a high frequency; 
this is the value usually chosen for delay lines and distributed amplifiers. 
Remember that choosing any particuiar value of mm, such as 1.27, has aa 
effect on the image (characteristic) impedance, so all that has been sald 
about terminations, etc., is unaffected by whether we use constant-& cr m- 
derived sections associated with each tube in our ampllfer, 

There Ix one slightly embarrassing feature in ch using a value of m greater 
than unity: a negative inductance is required in the shunt branch (see 
Figure 24-43), Such a requirement can be met, however, by providing mutual 
inductance of the proper amount between the two series elements. Thus. {r: 
Figure 24-43 we interpret the three inductances to represent the 7° equivalent 
of a transformer, and then replace the equivalent by aa actual transformer. 
It is possibie for the actual transformer to be physically realizable, even 
though the 7 equivalent is not, Thus, the circuit of Figure 24-43 becomes 
that of Figure 24-48. In practice the transformer is coastructed by tapping 
onto a single fayer coll of suitable proportions (see Kailmiun papers and 
Reference 30), as indicated in Figure 24-49, 

Thus, each section of the distributed amplifer ds arranged as in) Figure 
24-49, where the capacitance is e‘ther the input or output capacitance of the 
tube. Phe complete form of the plate network for instance, would then be as 
in Figure 24-50. 
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This, then is the basic design philosophy of the distributed amplifier, as 
currently being used. The steady-state response is quite acceptable to very 
high frequencies, in spite of the fact that the approximation involved In the 
terminating half-sections gets worse as the cutoff frequency is approached. 
From the standpoint of transient response, the approximation does not seem 
to work out as well, and in practice there ls a certain amount of cut-and-try 
manipulation of the termination on an experimental basis, while the operator 
observes the shape of the transient response. 

Other forms of networks have been employed, such as the bridged 7', but 
the acrangement of Figure 24-50 is the most widely used. li is possible, for 
instance, to use a continuous solenoid for the plate or grid line, with taps 
wong its length for the tube connections (Reference 31). 

In a practical case, wiere the amplifier is to operate at frequencies of one 
or two hundred megacycles, the analysis should be extended to Include the 
effects of the Input admittance of the pentode tubes. This input admittance 
has both a capachive and a conductive component, The latter is the more 
serlous in the distributed amplifier, because it produces attenuation of the 
slgnal travelling down the grid network, The conductance of the tubes in- 
creases with the square of frequency, and so as the frequency is Increased 
the attenuation ultimately reaches a level such that the attenuation per sec- 
tion is greater than the gain provided by the tube; peyond this frequency 
the gain diminishes—and adding more tubes only makes matters worse, 

The attenuation due to input conductance has been analyzed in the liter- 
ature (Reference 32), One important conclusion is that, since the magnitude 
uf the Input conductance is proportional to the cathode lead inductance and 
cathode-grid transit time of the tube, the cholce of tube must involve these 
factors as well as the usual ratio of g,, to capacitance. 

A question which might well be asked is, when does one change from 
using cascade amplification in favor of distributed amplification? A partial 
answer is given by the graph of Figure 24-51, taken from the paper by Ginz- 
ton, ef al. Here is plotted the number of tubes required to give a gain of 
¢, Which Is the optimum stage gain dn the distribution amplifier, Le., if more 
wilh is needed, stages should be cascaded. This value of gain, while low, ts 
close to the value Ve, which came from Mimore’s analysis as the optimum 
stage gain for rise time, The independent variable in the graph is bandwidth 
ratio, or in other words a ratio of high-frequency cutoffs, It is the ratio of the 
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desired high-frequency limit /, of the amplifier te the high-frequency Honvit 
of the tube, f,. Two curves are shown for the cascade amplifier, With ideal 
filter stages it is assumed that there is no narrowlag of the bandwidth as the 
number of stages Is increased, while with a gausslan-type response, the nar- 
ruwing in assumed to be like that of RC stages but with a gain-bandwidth 
factor of 4, 

The conclusion from Figure 24-51 is that for small bandwidths, Le., small 
Ja/fo (or what is equivalent, large rise time), the cascade amplifier {s better, 
whereas for very large bandwidths, the distributed amplifier is more efficient, 
Indeed, if the bandwidth requirement is greater than that corresponding to 
an fafe greater than unity, only the distributed amplifier can do the Job. 


Split-Band Amplifier 
The split-band amplife . ometimes cailed the parallel chain amplifier or 
. divided-band amplifier, has been proposed at) various 
times, and fs the subject of a limited amount of current 
research (References 33 and 34), The basle structure 
consists of two (er more) ainplifiers in parallel, each 
providing gain over a portion of the entire passband 
needed, as depicted in’ Figures 24-52 and 24-55, The 
individual ampliiers may be either cascade or dis- 
tributed. Although the ultimate performance of this 
split-band structure holds great promise, there ix dif- 
fculty in designing the branching networks Ay and A’, 
and the charactertstics of erch amplifier, ao that the 
entire assembly has the desired frequency response, 
Bicten 24.54 pardculacy in the critleal crossover region, 
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24.5 Introduction to the Filter Amplifier: 1-F Amplifiers 

The discussion of video amplifiers centered around the transient response. 
The fuaction of the video amplifier was to provide gain with as Httle distor- 
tion of the waveform as possible. In many systems, however, such us ECM 
receivers, there is n different kind of requirement. Not only is an amplifying 
system expected ta produce gain over a bandwidth sufficient for the informa- 
tion contained in the signal, but it must also reject signals outside the ap- 
pointed band. ’Phis {s primarily a steady-state matter; we are talking in 
terms of the frequency response of the system. It may of course be true that 
the desired signal which Is to be amplified consists primarily of transient 
waveforms, and that the transient response must therefore not be entirely 
ignored, Nonetheless, we shall seek to allow for this through use of the Inter- 
relationships described In the preceding sectlons, between steady-state and 
transient response, 

Our principal concern will be with intermediate-frequency (l-f) bandpass 
amplifiers, rather than with lowpass or highpass. In one sense we considered 
the lowpass amplifier in the preceding sections, but there were no require- 
ments that the amplifier reject frequencies above any prescrived frequency 
limit. Bandpass amplifiers are fundamental to all types ef systems using the 
radio-frequency spectrum on a frequency-separation basis (as opposed te 
time separation, eg. multichannel PTM), including ECM, radio, radar, and 
carrier on wire lines. 

There are several aspects of the design requirements, and their relative 
importance will vary from one application to another, These are the gain 
magnitude (band center), the bandwidth, and the center frequency. Tt shall 
be the objective here co present techniques which make possible the achieve- 
ment of really difficult combinations of requirements; viz, high-gatn, large 
bandwidth, and high center frequency, all in one amplifier, together with 
good rejection of signals outside the passband. 

High-vain, bandpass amplifiers are usually to be found in the receiver 
portions of systems, where the signals are of small amplitude. Hence we can 
deal with the small-signal equivalent circult: of the tubes, which fn most 
cases Will be pentodes (Figure 24-54). 
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From the figure it Is perceived that the tube provides a finecar (constant 
gm), unilateral network, associated with which will be a group of circuit ele- 
ments comprising an interstage coupling network (referred to later simply as 
an interstage). The two in combination comprise an amplifier stage, An 
example is shown In Figure 24-55, in which the interstage fs simply a parallel 
resonant circuit, 

It will turn out that in order to achieve large bandwidths there will be 
added no additional shunt capacitance beyond that provided by the input and 
output capacitances of the tube, Cy and (,, reapectively. Sicreover, at high 
frequencies the effects of transit time and the Inductance of the cathode lead 
in the tube contribute to an appreciable ingut conductance g,. In these clr- 
cumstances the equivalent circuit of the tube appears as iu Figure 24-56, It 
should be polnted out, however, that the Input conductance really varles 
with frequency (Increasing as f2), but is usually considered constant over the 
piss band of the amplifier in practical cases. 


oe 
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Kven the circult of Figure 24-56 is still a inear, unilateral network, ‘The 
unilateral property would be destroyed if the grid-plate capacitance of the 
tube were significant, but in most modern, high-gain pentodes this capacitance 
cin be ignored, 

Our baie problem consists inassembling useful combinations of cubes and 
Interstages, usually in the cascade (or “tandem,” or “chain”) arrangement, 
In such a way and with such components as to provide a desired gain and 
amplitude response, (Note: amplitude response will be the abbreviated way 
of sayloy “amplitude response versus frequency,” or “gain magnitude versus 
frequency.) 

The problem is similar te that of designing a filter consisting of passive 
network elements only. Indeed the properties of the over-all transfer fune- 
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tion of an amplifier have many points in common with that of the passive 
filter. It might be sald in this regard that we are dealing with applied network 
theory. Our task is more difficult in two respects: (1) the amplifier must pro- 
vide gain, and (2) we are constrained to interstage networks that will func- 
tion properly in combination with the irreducible equivalent net..ork of the 
tubes (e.g., Figure 24-56). As a consolation, however, it will turn out that the 
unilateral property of the tubes serves to “isolate” the interstage networks, 
and certain advantages are gained. both in the design and alignment of the 
amplifie:, as contrasted with the completely passive structure. 

Sinve the interstage networks can be only those which “fit in” with the 
tube networks, it might weil be expected that only certaln classes of Inter. 
stages have been found to have practical value, This a indeed the cnse, and 
the synthesis of the filter amplifier is largely a matter of selection, both as to 
tube and network, based upon suitable figures of merit for comparing their 
value. Therefore we shall commence the study by an examination of several 
types of interstage network, beginning with the simplest. 

We shall not proceed far In the direction of network complexity, although 
the frequency response of wa multistage amplifier may be identizal in its 
characteristics to that of a complicated filter. Where many tubes are needed 
to supply gain, it is good strategy to distribute nonidentical, simple filter- 
type networks between the tubes, all designed in such a way as tu yleld the 
desired over-all response, This comprises the so-called filter amplifier, a term 
Introcuced by Hutterworth (Reference 25). 

When only a few tubes may be needed to provide the required gain, and 
yet the desired frequency response be that of a filter with many sections, it 
is possible to use networks of greater complexity than those commonly used 
with filter amplifiers. Such networks differ from the usual passive filters in 
that they must provide for capacitance at Input and output terminals and 
alsa for finite OQ of the inductors (Reference 36), Adjustment of such net- 
works calls for speclal techniques (Reference 37), 


24.6 Two-Terminal Interstage Network: The “Single-Tuned” Inter- 
atage 


24.6.1 Propertles of a Single Stage 

As i staring point, suppose that our gain requirements are so modest as 
to permit the use of one stage alone, Or, even if they are not, the single stage 
is the fundamental “building block’ in the multistage amplifier, 

Next, letous see what can be done with the simplest possible interstage 
network, and use the performarce of such a network as a calibration for 
comparing other more complicated networks, 
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Asa ractical ma :, the only form of two-terminal interstage in extensive 
use today is the single-tuned network, 

Starting with the basic equivalent network for the tube (Figure 24-26) the 
single-tuned Interstage is constructed by adding a shunt Inductance £, tuned 
to resonance at the desired center frequency with the total interstage capaci- 
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tunce C; + C,, and a resistance R. This Is (lustrated in Figure 24-57. 

With most pentodes {t is possible to ignore r, and g, in comparison with R, 
in which case the circult reduces to that of Figure 24-58. In any event, & 
can represent the parallel combination which Includes , and g,. The capacitor 
C likewise represents the parallel combination of C,, Cy and stray wiring 
capacitance. 
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It must be pointed out here that in adding parallel R we have elected to 
explore the wideband case, If we wanted a narrow-bana amplifier, we would 
add no shunting resistance, and would be careful that the inductor 4 had the 
least possible losses (highest possible QO), The inductor losses, usually con: 
sidered as a series resistance A,, are generally the dominant factor In det -r- 
mining the bandwidth, and hence the proper equivalent circuit is that of 
Migure 24-59. This case is thcroughly explored in the radio engineering 
books, (for example, see Reference {) and we leave it now in favor of the 
more difficult task of maintaining a wideband simultaneously with high gain. 

We proceed with the analysix, after first defining some terms. ‘The 
Kain function A(jw) is the complex number which contains the amplitude 
and phase of the ratlo By (iu) / Ey (du). The gain (without the word ‘func- 
Hon”) is taken to be the midband gain, Le., |-f(Joo)|, where oy is the radian 
frequency at the center of the band, Finally, the bandwidth Boas arbitrarily 
defined as the Interval between the two frequencies (one higher und one 
lower than the center or midband frequency) at which the magnitude of the 
gain function [fl (jo)) is down to 70.766 (—3 db) of the midband gain. 
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Ky ~Bmbiy Z (ju) 
hl eo (24-54) 


where Z(fw) = I/(1/R -t Jul + 1/fol.) for 


QO = R/ogl. and wy = 1/VEE (24-55) 
Aju) = ~~ EmR 1 be jo -* ee 
PEAR pp aa 
( fo ff ) 


where { = w/in 
fo — an / er 
Maximum gain at midband (f =<: fy}: 


[A (Juro)| = RnR (24-57) 
Bandwidth limits determined by / to give: 


1 
A(fu) == — Buk roa 
1 
Ww = ‘A wang 2 oat 
[A (Ju) | == | 4 (funy)! V2 


or 
fy fo _ fo fa oe as 
fo h ~ fy fo () 
Bandwidth B= fy — fy oe fo/O (24-58) 
= 1/2eRC (24-580) 
The two frequencies f, and fy, at which the magnitude of the gain function 


(sometimes called the om plitude response, o¢ sloply response) is dawn 3 db 
from that at band center fa, are related by: 


fo/hi fi Su (24-59) 
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Thus, fy is the geometric mean of f,; and fy, and the passband of the amplifier 
js said to possess “yeometric symmetry” about fy. 

Notice that In Eq (24-58) the bandwidth is independent of the center 
frequency fy. (In (24-58) fy appears, but it is also implicit In © and can- 
ceils out {n the quotient.) 

Notice also that in Eq (24-57) the gain is independent of the center fre- 
quency. Most linportant of all, however, observe that in the product of (24- 
58a) and (24-57), the gain-bandwidth product is not only independent of 
frequency but is also independent of the resistance R: 


Galn X Bandwidth = g,,/29C (24-60) 


This shows that gain can be exchanged for bandwidth (by varying X), but 
the product remains constant, and is independent of center frequency.’ 

The product of gain times bandwidth for the single-tuned circuit as given 
by (24-60) is determined primarily by the tube. Except for stray wiring 
capacitance, the quantity C Is largely due to the tube, and so also, of course, 
is g». This tells us that In selecting # tube for large gain and bandwidth, the 
Em/C ratio should be as large as posaible. For a chart showing the gy, C, 
and g/C for currently available comrerclal tube types, sce Reference 38. 
Moreover, there js no benefit in a large gy-—as might be achieved by con- 
necting several tubes in parallel—if the capacitance C is Increased in the 
same proportion. 

The expression in Eq (24-60) is the gain-bandwidth preduct, a terny which 
we shall distinguish carefully from the galn-bandwidth factor. The latter Is a 
figure of merit that [Is useful in comparing various interstage networks against 
the single-tuned stage aga “yardstick’’, This is what we did in the transient 
analysis of fast amplifiers; the relative speed of various circults such as 
shunt peaking was compared to the resistance-coupled stage, Thus, in’ the 
case at hand, the gain-ebandwidth factor of a circuit is obtained by taking the 
gulnebandwidth prodvct and dividing it by the gain-bandwidth product of 
the dingle-tuned stage, namely g/2eC, We shalt find that for two-terminal 
interstages the maximum gain-bandwidth factor is 2.0, while with four-ter- 
minal networks it can the: ‘otleally be as great as 92/2 or 4.93, 

The gain function f(a) given in fq (24-56) can be simplified if the cir- 
cult bandwidth ts, say, 19 percent or less, 


*he dx worth noting that there ds ao practheal limit on how bleh the center frequency 
may be, determined by the Input conductance g,, which Increases asf Tf the load resis. 
tor is removed, and Rol /x,, then the gain geven by aq (26-87) becamen g/g, This 
quantity will dinvntsh with Increnslng frequency ard ato some Hmiting fequency the 
atage gain Will become des than unity, For csampie, a SARS may have. g,, 
Sx 10 and go: O14 DK 100 TF the gain will thus drop to unity when J reaches 
1G: me, 
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wo oo ot = os (w Hg) (w 0) 
wn o> wyte eS wow 
wy Ble = wo) 
a wy 
Narrow Band: 
A(Jw) = — gm R —- - oe. (24-61) 
1+ liga e wo) 
} 
= — gm R — 420 —— Sn (24-610) 
l +p fo (f a ho) 


Noilce that in this narrow-band case, the function hus “arithmetic aymmetry” 


about wo: Le, the two frequencies w; and wy, at which the response is down 
to 70.7 percent are equally displaced Jn frequency Increment above and 
below wo, or: 

ay “" oy) = wy “~ tg \ (24-62) 


him fo= fam fa 


24.6.2 Muitlotage Single-Tused Amplifier 

It would be unusual ff the gain of one stage were adequate; most applica- 
tlons require several stages In cascade. The intermediate-frequency amplifier 
in a radar set might have as many as ten stages, while a transcontinental 
relay fink would have hundreds of stages. 

In cascade amplification the gain functions combine in a continued product, 
The midband gain will be the ath) power of the stage gala; namely, 


|A (Ju) | == (gm R)" (24-63) 


Simultancously, the bandwidth will decrease as the nunyber of stages is in- 
creased, Thus the ~3-db points for one stage become the — 6-<db polots for 
two stuges in cascade, with a resultant smailer separation of the —3-db 
polnts for the pair. To solve analydeally for the roanner in which the land- 
width “shrinks” it will be convenient to rewrite Eq 624-56) and (24-61) Ina 
normalized freq vency variable x as follows: 


Selectivity Functlon s= F (jx) » ( , - = ) (24-64) 
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In terms of this normalized variable the bandwidth of a single stage is 2.0, 
and against this we can compare the bandwidths for larger numbers of 
stages. 


! a 
F i. eens cae Ol me) 24-65) 
Fe) |= eo So(-™) ¢ 
For 4 bandwidth x,, 
ee ee (24-66) 
vita? v2 
tm V2 — 1 (24-67) 
Forn >> 1, 
0.833 | (24-67a) 
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Now, since the bandwidth for one siage is 2.0, the half bandwidth is 1.0, and 
hence Eq (24-67) is also the ratlo of the bandwidth of # stages compared to 
the bandwidth of & singie stage: 


Bandwidth of # stages Vig oi 
Bandwidth of ia ae 24-68 
Bandwidth of one stage vi ( ) 


ex 0.833/\/n (24-080) 
forn >> ! 


Thus, in a cascade of single-tuned stages the gain Increases with the 
number of stagea according to one law, Eq (24-65); while the bandwidth 
varies according to another; namely, By (24-68). Thus the contribution of 
one stage to the over-all gain-bandwidth product will be different if the stage 
Is used alone or ina cascade with other stages. ‘To allow for this in our 
figure of merit, the gain-bandwidta factor (GBF) by means of which we 
shall compare the effectiveness of various clrcuits we do two things: (1) (ake 
the mth root of the over-all gain, giving a oean stage gain, (2) divide the 
mean stage gain by go/2erC. The gain-bandwidth factor is then the product 
of this normalized mean stage gain times the over-all bandwidth. is a fune- 
Hon of the cireuits used, rather than of the tubes, 


Gain-Bandwidth — | (Over-all Gain) '" (Over-all Band- (24.69) 


GE actor a Kn / 2m width) 
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A phenomenon of both mathematical and practical interest fs that, for a 
given bandwidth, there Is a definite maximum of gain which cannot be ex- 
ceeded, There Is likewise a maximum bandwidth attainable for a specified 
gain. The latter occurs when each stage contributes a gain A, of 1.65 to the 
over-all gain 4,. The number of stages needed and the resulting maximum 
bandwidth &,,,,, are given below: 


Ay, = Ye = 1.68 = 4.34 db (24-70) 
n= 21nd, (24-71) 


si ee ED We eee (24-72) 
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24.6.5 Selectivity itatio 

It was stated that the filter amplifier has the dual objective of amplifying 
signals within the desired passband, and of rejecting signals lying outside 
this band. The ability to reject unwanted signals {sy sometimes called the 
selectivity of the system. Assigning a measure to this selectivity is somewhat 
arbitrary, The simplest approach would be merely a graphical plot of amp!l- 
tude versus frequency, ie., the amplitude response. The steepness of the 
portions of the curve well removed from the passband is one kind of mersure; 
it is sometimes called the skirt selectivity, since it involves the “skirts” of the 
response Curve, 

A better quantitative measure is provided when {it is known that in the 
system where the amplifier vill be used the undesired signals will be separated 
from the desired one by fixed frequency intervals. Thus, in broadcasting, the 
stations are assigned to channels separated by 10 ke, and the severest prob- 
lem is to reject the signals In adjacent channels. The broadcast people have 
aterm adjacent-chananel selectivity, which is simply the ratio of the gain at 
midband to the gain 10 ke above or below midband, Similarly, second- 
channel selectivity would refer te 20 ke above or below midband. The same 
philosophy would apply to multichannel carrier systems, 

In the general case, however, where frequency assignments are not so 
orderly, there is another numerical measure of the selectivity that has yained 
acceptince fn recent: years, This is the so-called selectivity ratio or hand- 
width ratio. Wt is the ratio of the bandwidth at which the ampiitude response 
in down 00 db from that at midband to the bandwidth at which the response 
Is down G db. ‘Thus it could be called the 60/6-db bandwidth ratio, Other 
levels could have been chosen, but these are convenient and serve the pur- 
pose of evaluating the response well outside of the desired passband. Typleal 
vilues obtained are on the order of (wo for a good communications receiver, 
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and perhaps 12 for a radar system. Cleariy, a value of unity would be the 
limiting case. 

For the single-tuned amplifter, the seiectivity ratio of a single stage is so 
large as to be almost useless, namely 577. As the number of stages Is in- 
creased, hewever, the ratio decreases rapidly to a Hmiting value of 3.15, For 
six stages (t has already dropped to 5.9. Other interstage arrangements will 
turn out to be superior, however. 


Selectivity Ratio for midentical _ [jg — 


2 erat (247°) 
aingle-tuned stages V 4 =4 
24.7 Approximation: Commonly Used Functions for Approximat: 
ing Constant Gain er Lincar Phase 
In the filter amplifier, the usual problem is to approximate an “ideal” 
amplitude response, such as in Figure 24-60, which cannot be physically 
realized with an amplifier containing only 
finite, lumped, Hnear networks. 

We want suitable gain functions which are 
physically realizable, and which we can later 
use to obtain element values for partleuiar 

. fiterstage networks (such as the alngle-tuned 
circult of Sectlon 24.6.1), 
Notlee that a cascade of Identleal slngle- 
tuned stages provides a crude approximation to constant gain. From Eq 
(24-65) the normalized amplitude resporse ts: 


fig.) 


Fiowny 24-60 


l n 


it really is net a very good function, either from the standpoint of the shape 
of the response curve being like Figure 24-60, or from the standpoint of 
conservation of gainp-bandwidth, Two gain functions will be presented which 
are better in both respects, and can be realized almost as readily with the 
single-tuned or other interstage networks, 

Another approximation problem is the obtaining of moderately effective 
filtering plus a good Hnear phase characteristic in the passband, 


24.7.1 Maximally Flat Gain Function ® 
Also known as the “Butterworth” function (Reference 35), and as “ap. 


*The term maximal flatness was teat introduced in: Reference 39, pagen §47-462. See 
alia Reference 40. 
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proximation in the Taylor sense,” this function has for its normalized magni- 
tude, or amplitude response, the following form: 


Cees) Sees 

Vi + xi 
The shape of the response curve for various values of # (the number of 
stages) is shown In Figure 24-61. As n increases, the shape becomes more 
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nearly the rectangle of Figure 24-60. The 3-db bandwidth remains conatant. 
The function is always monotonic; Le. decreases uniformly toward zero on 
either side of band center, and for a given n it represents “maximal flatness” 
in that the maximum number of derivatives (29-1) are zero at band center. 
This feature can be demonstrated as follows: 


f(x) sa (1 + xt") -* (24-74) 


Expand f(x) ina power series: 
{(t) ae ers = = (24-75) 


Compare Kq (24-78) with the corresponding Taylor (McLaurin) series 
for f(x): (24-76) 


jan '(10)x™ 1 fancy" 


ane 
f{(w) — {(0) -{- / (Q)x +. f (0) 21 -+- eee -{ (20 =A 1)! e (2n)! 
: = ~yo ee ay ace See een me = 


a? ye = 


1.0 ‘These terns missing in EG (24-75); hence This term and 
(Gree ( higher even-order 
f°) = 0 terms ure present 
eae: in Eq (24-75) 


jeu 1(0) ; Q 


Thus the first 20 — 1 derivatives are always zero atv O for the function 
5 
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1/V1 + x, Remember that x = O corresponds to / = fo, the frequency of 
maximum gain In the bandpass amplifier case. 

The selectivity ratlo of the maximally flat response {s given below, which 
is seen to be similar to Eq (24-73) for cascaded identical single-tuned stages, 
but smaller for given m, and hence superior: 


anf (ot — 1 


prem mons 
Selectivity Rilo = a) —gacq7 mV 57? (24-77) 


24.7.2 Equal-Ripple Galn Function 
An alternative to the maximally flat approximation tu constant gain In the 
passband is the equal-ripple response illustrated in Figure 24-62. 


ome ei. Ta | boa 
hl deg el il 





| 


Fiouamk 24-62 


Ripple, db = 20 logio V1 + (24-78) 
== 10 logyo (f + ¢) 
Such an amplitude response is readily devised. The magnituce ” ripples 


can be specified, although not their frequency spacing, This ret se function 
turns out to be advantageous from three standpoints; more galn can be 
achleved for the same bandwidth; the approximation to constant gain is 
usually better for steady-state applications than {s the maximatly flat re- 
sponse: and the selectivity ratio is better. 

The analytic expression of the amplitude respense of Figure 24-62 Is given 
below, It contains Chebyshev polynomials, and because of this the appre». 
nuttlon function is so:aetimes called the ‘Chebyshev response,” 


1/ Ji te Cy? (x) (24-79) 
DD ievistes 
Where: ¢ == ripple parameter == (anton as ) - | 


Ci (4) s= Chebyshev polynomials (24-80) 
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Ci(s) =*x Cy(x) -— 8xt -- 8x? +. 1 
Cy(a%) a 2x? ~ | Ca(x) = 16 x5 — 20x" 4+. 5x 
Ca(x) = 4x" — 3x Cu(x) = 32x9 — 48x4 + 18x? — | 
Gra (8) me 290, (8) — Cy. (2) (24-81) 


There {s also a convenient expression for the general polynomial in terms 
of trigonometric functions: 


cos (#-cos ! x) for —1<x< 41 
Cys) = (24-82) 
cosh (n cosh ' x) for |x| > 1 


24.7.3 Linear Phase Reaponse 

In some systems either bandpess or low pass, it may be the objective to 
make the amplifier have, as closely as possible, a phase shift @ that varies 
Hnearly with frequency, or what is equivalent, a phase delay dw that Is con- 
stant with frequency, The amplitude responae is taken as it comes, 

The phase response is always an odd function of frequency with respect to 
band centez, and may look ax in Figure 24-63, The derivative on the other 
aand, will be an even function as iu Figure 24-64. This suggests that one 
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approximation to perfect linear phase (which ds not physically realizable 
over an dntinite frequency range) would be to make the phase delay maxim- 
ally Nat (References 41 and 42), 

Equal-ripple approximations to near phase (or constiat delay) have 
received study, but no compilation of generally useful results has yet = ap- 
peared, 


24.7.4 Arhitrary Responses 

The formal examples of amplitude or phase responses which have been 
presented are by po means the only useful ones. In some respects they are 
too circumscribed by theoretical limitations. For instance, it is not possible 


a RE ry a rar gr 
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to get both maximally flat amplitude and maximally flat delay ia ge simple 
amplifier structure; yet Bradley (Reference 43) has shown that one can 
devise a response which, from a practical standpoint, is very flat in both 
amplitude and delay and which has good selectivity as well; this Is shown 
in Figure 24-65. 
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24.8 Stagger Tuning 

The term stagger tuning refers to an amplifier comprining several stages 
in cascade, In which the stages are not tuned Identically to the same fre- 
quency but are xtaggered at frequencies above and below the desired center 
frequency of the complete anyplifier. No. only are the tunings of the indivi- 
dual stages nosidentical, but thelr bandwidths are also different. 

The objectives of stagger tuaing are twofold: (1) a greeter gein-band- 
width Is achieved than with a casesde of identical stages, und (2) a pre- 
scribed amplitude response, such as maximally flat or equal ripple, can be 
synthesized, either of which is preferable for filtering than is the response of 
identical stages, 

Historically, the advantages and possibilities of stagger tuning were ap- 
parent to a few people several years before it became a widely used tech- 
que, The desirability of synthesizing a complicated gain funetlon from 
simple networks in a multistage amplifier was first advocated by Butterworth 
in 1930 (Reference 35), although the gainebandwidth advantage did not 
become apparent until Schiesemann’s paper in 1959 (Reference 44), ‘The 
latter paper was apparently not read by anyone in this count7y untib about 
1943, although Landon in the meantime had published @ paper having to do 
with lie inaaiiaiy fat response function (Reference 39, pages 347-562 and 
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481-497). To Henry Wallman belongs the credit for “putting across” the 
stagger tuning technique (Reference 45),* in connection with wideband in- 
termediate-frequency amplifiers used {n the recelver of a radar systen:. 

Wallman's work provided usable date for synthesizing the maximally flat 
amplitude response with single-tuned amplifier stages, This was extended by 
Baum (Reference 46) tu Include the equat-ripple function, and by ‘Trautman, 
et ai, to Include other interatuge networks (References 47, 48, 49, and 50). 

The principal elements of the technique are to assign suitable values of 
center frequency fy and bandwidth or Q ta each stage of a cascade of » 
sinule-tuned stawes sc that the desired amplitude (or pnase) respense is ob- 
tained, The derivation cannot be Included here (Reference 51) but the re- 
sults are easily presented and readily used. 


24.8.1 Maximally Flat Amplitude Reaponse 

We shall follow Wallman's convention of distinguishing three cases, de- 
pending upon the relationship of bandwidth to center frequency. The first 
case is marrow-d5and, where the bandwidth is less than § percent of the center 
frequency. At the other extreme in the wideband case, where the bandwidth 
in 30 percent or more of center frequency, In between is what Wallman calls 
the asymptotic or intermediate cure. 

Tables 24-Y, 24-VI, and 24-VIl and Figures 24-66 and 24-67 use values 
from Valley and Wallnan. The tables are given only through the staggered 
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quadruple, although obviously they could be extended as far as desired. 
Practically, however, the pair and triples are the most widely used. Higher 
orders require stages with high Q, sometimes higher than can be obtalned in 
the presence of loading due to tube input conductance. Also, the tune-up pro- 
cedure Is lengthened, since additional signal generator frequencies must be 
used. More about this later. 


TABLE 24-V 
NARROW-BAND STAGGER TUNING (MAXIMALLY FLAT) 
(B/fy < 0.05) 


1. Stayuered Vulr (n — 2} 
‘Two stages, tuned to fy + 0.358, each having a bandwidth 0.70728 
2. Staggered Triple (# = 3) 
One stage tuned to fo, with bandwidth B 
‘Two stages tuned tof; + 0.434, with bandwidth 0.508 
J, Staggered Quadruple (nm == 4) 
Two stages tuned to fa + 0.468, with bandwidth 0.3838 
‘Two stages tuned to fo + 0.198, with bandwidth 0.928 
(Note: fy ix the center frequency of the over-all amplifier, and # ds the over- 
all 3-db bandwidth.) 





TABLE 24-VI 
WIDEBAND STAGGER TUNING (MANUEMALLY FLAT) 
1, Staggered Pair (a = 2) 
Two stages tuned to foa and f.,/2, having the same (C: 
2 
4+ 89 — \/16 + 5! 


. eX ee 
(« .) tgs 


2, Staggered Triple (a = 3) 
One stage tuned to fo with bandwidth # 
Two stages tuned to foz and fo/2, same Q: 


OF? = 2 
4+ 8! — V/16 4. 48% 4- 84 
eel eeeik 
(= a | | Qn oe 


(Note: fois the center frequency (geametric center) of the over-all amplifier. 
Ais the over-all d-cb bandwith and 6 = 3) fu.) 


OO? = 
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TABLE 24-VII 
INTERMEDIATE BANDWIDTH (MAXIMALLY FLAT) 
8 = B/fy we 0.05 to 0.3 


i, Staggered Pair (n = 2) 
Two stages tuned to f,2 and fo/a; same QO: 
QO = 1.414/8 as! + 0.358 
2, Staggered Triple (# = 3) 
One stage tuned to fy with bandwidth 8 
Two stages tuned to /ya and fy/a; same Q: 
QO = 2.0/8 ucx 1 +- 0.43438 
3. Staggxeced Quadruple (# = 4) 
Two stages tuned to foa, and fo/oi; same Q;: 


Q, =: 2.63/8 a, == 1 -+ 0.468 
Two stages tuned to fy2, und fy/ay; same Oy: 
Qy = 1.98878 @y == 1 + 0,198 


(Note: fy is the center f-equency of the over-#!! amplifier, and B is the over- 
all 3-db bandwidth.) 


The data in the table provide the necessary design data, and that would 
be the end of the stery if electrical components always had the proper value 
of resistance, capacitance, etc, Such 's not the case, of course, and particularly 
in wideband amplifiers where the principal cnpacitance is that due to the 
tube. There is substantial variation from one tube to the next, and hence 
each stage is usually made tunabie over a sufficient range to allow for this. 
The Inductance is readily tuned by means of a brass or powdered fron 
“slug”, or core, moved into and out of the coll, 

The tuning procedure is simptictty itself. A signal generator Ia connected 
to the input of the amplifier, and a vacuum-tube voltmeter to the oulput. 
If the amplifier is, say, a triple, with stages 1, ¢@ and 3, to be tuned to fre- 
quencies f,, fy and fx, according to Teble 24-V, then the signal generator !s first 
set to /;, and Stage ft tuned for a maximum voltmeter reading, Next, Stage 
2 in adjusted with the signal generator set at fy. Finally, Stage 3 is adjusted 
ut frequency fy. The order of adjusting the stages ie completely unimportant. 

Also, except for certain second-order effects, it is lmmaterial in which order 
the stages are connected, 

The formulas of Table 24-V! are cumbersome to use, and hence should be 
avoided unless the bandwidth is really large. An fatcrmediate region of B/fo 
can be defined, in which the calculation can be simplified, and yet retaining 
ap accuracy of tess than fb opercent Uf ofa is less thin 0.3, the values of 3 
and Qin Table 24-Vi appreach very closely an asyenptotic liniit, this ix indeed 
called the “asymptotic case’ by Wallman, For example, in the staggered 
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pair, @ approaches 1 +4- 0.358 and Q approaches 1.4148, These formulas for 
the Intermediaty case are given below In Table 24-VIT. It will be noted from a 
comparison of the narrow-band and intermediate cases, Tables 24-V and 24-Vil 
respectively, that the tuning of the low stages is the sarne, but not the high 
uteges. In the narrow-band case the bandwidths of corresponding high and 
low stages are the same, whereas !n the asymptotic case the Q's are the same. 
The differences, though, are quite small. 


24.8.2 Equal-Ripple Amplitude Response 

To obtain the equal-ripple response in the narrow-band case, {t Is only 
necessa7y to multiply the bandwidth of each stage by the factor tanh a, 
where 


a = (1/n) cosh“! (1/V/e) (24-83) 


For the wideband and intermediate cases, the equal-ripple response can be 
obtained from the formulas found in Table 24-VIII. 


TABLE 24-VUI 
WIDEBAND STAGGER TUNING (EQUAL RIPPLE) 
Ripple factor tanh @ asin Eq (24-83) and Figure 24-62. 
Ro Desired over-all 3-db bandwidth 

8 = ~— = “Dealred center frequency 
1, Staggered Palr (mn = 2) 

Two stages tuned to fya and fy/a, having same (): 

2 


4 -+ R? - J(R? — 4)9 4 BaP 
(= 4 eee 


u r 
R? = r(! { tanh ) 


OF == 


2. Staguered Vrinle (4 =: 3) 
One stage tuned to fy with O = 1/(8 tanh a) 
Two stages tuned to fuz and fy/a, same Q: 


gv" : 
44. RY — VCR? 4)2 4. 1288 


i\F ! vie 
€ . =) { eee 


2 
Rio . (3 -4- tanh? a) 
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Note that the formulas of Table 24-VIII reduce to those of 24-VI (max- 
fmally flat) when the ripple is reduced to zero, making tanh a == 1, Thus 
24-VIil includes not only equal ripple, but also maximally flat as a spectal 
case, Thus the gain-bandwidth fector diminishes as the number of stages 
increases. 


24.8.3 Cascades of n-uples 

A stagger-tuned cascade of # stages is called an #-uple, e.g., a quadruple 
fora = 4, but an a-uple where » is arbitrary, 

Now, an n-uple can be designed according to the principles which have 
been set forth in the preceding pages for us many stages as desired. For 
practical reasons, however, the order m of the m-uples usually fy not higher 
than three or four (occasionally as high as six). Hence, if more than three 
or four stages are required to obtain the required over-all gain, it is cus- 
tomary to cascade several triples (or quadruples). If turns out, of course, that 
when identical triples are cascaded, the bandwidth shrinks In a manner like 
tha. of cascaded single-tuned stages as given in Eq (24-68), except that the 
proper relationship now Is: 


Bandwidth of m staggered n-uples (gum — 1) "an (24-84) 
Bandwidth of t staggered n-uple 


Implicit In this equation is the fact that the higher the order # the slower 
will be the bandwidth shrinkage as n-uples are connected in cascade. 


24.8.4 Galn- Bandwidth Facter 

This useful figure of merit was defined in Section 24.6 and provides a 
means of comparing the amount of galn-bandwidth realizable from tubes 
having the same cy, C when used with vaclour Interstages. 

For one single-tuned stage, the guln-ebandwidth factor was shown to be, by 
definition, equal to unity. 

For a cascade of n identical single-tuned stages, the galn-bandwidth factor Is: 


V2ivm — 1 (24-85) 


In marked contrast to this, the gain-bandwidth factor of m alngle-tuned 
stages arranged in a staggered m-uple (maxiniully flat) is always 1.00, re- 
wairdless of a. Thus, stages can be added indefinitely without loss of gain- 
bandwidth factor. 

When it becomes necessary to cascade staggered a-uples, the gain-eband- 
width factor is given by lq (24-84), 

The numerical values which result from these formulas are both of interest 
and of practical importance. Table 24-TXN shows the gain-bandwidth factors 
obtained with / tubes, from one to nine, used in various combinations, 
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TABLE 24-1X 
GAIN-BANDWIDTH FACTORS 


No. of Cascaded n-uples 
Tubes Identical cee a rad yin 
i htages ys Pairs Tie m Qu druples ape 
(== mn) V2iin — 1! Vim 1 V2iim =] ‘Vein 
1 1.00 
2 0.64 1.00 
(m==1) 
5 0.51 {00 
(m=!) 
4 0,44 0,80 1.00 
(m=—=2) (m=!) 
5 0.39 
6 0.35 0.71 0.86 
(om ==3) (m= 2) 
7 0.32 
8 0.30 0.66 0.90 
(m= 4) 
9 0.28 0.80 
(m==3) 


To use the table, refer back to Eq (24-69) where the galn-bandwidth 
factor was defined. As an example, suppose one wishes to compare nine tubes 
used as identical stages or as three staggered triples, The ratio of over-all 
bandwidth obtainable for the same over-all gain Is: 


0,80 
| 0.25 | me 2.86 


On the other hand, the ratho of gain obtainable for the same over-all bund- 
width is: 


fe ah |= 1.3 x 104 


Comparison of the gaine for equiatl bandwidths emphasizes the fact that an 
wnplifier made up of a large number of identical stages is indeed an in- 
eficlent device. The contrast for the case of equal gain is not so startling, 
but the same phenomenon inat work, 


24.8.5 Prectleal Dealgn faformation 
The attempt in this chapter has been to provide the underlying theory and 
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some physical intuition {n the matter of how stagger tuning works Active 
workers ina field such as this Inevitably produce helpful graphs, tables, nomo- 
grums, and the like, to shorten the time required for numerical designs 
(References §2, 53, and 54), The basic work of Wallman {s usually quite 
adequate for the maximally flat case, in particular, Chapters 4 and 8 In 
Reference 2 contain many practical details. For tne equal-ripple case, the 
papers by Baum and by Wittenberg may prove useful (References 46 and 
52). 


24.8.6 Design Example 

It Is instructive to carry through an example, especiaiiy io show now Cer- 
tain graphical alds can be devised and put to use. 

Suppose that In a ylven system there Is needed a bandpass amplier to 
plovide a gain (voltage amplification) of 60 db with a bandwidth of 7 mc. 
The center frequency ts of no consequence In the initial phases of the design 
procedure, and in fact is needed only when one comes to calculate the inter- 
stage inductances. System considerations, such as reducing the number of 
tube types, limit the available tubes to the 6AKS, 6CB6 and 6AH6. Measure- 
meats on the wirlng situation In which the tubes will be mounted show that 
a total interstage wiring capacitance of Spmf can be expected. 

The design questiona which we shall answer here are: (a) Which tube 
should be used? (b) Which combination of single-tumed stages will meet the 
gain-bandwidth requirements? (c) Which wili require the fewest tubes? («l) 
Which will give the best selectivity ratho? 


(a) Choice of tube: 

Shown In Figure 24-68 is a plot of Eq (24-60) for several currently ud 
tubes, incle oy the three allowable types for the example at hand. The 
points on the graph do not include wiring capacitance, however, so each of 
our three must be translated upwards by Spf. Because of the logarithmic 
capacitance scale, the 6AH6 is displaced the least, hence ends up as the best 
tube choice. The gain-bandwidth for the 6AH6 with this wiring capacitance 
ix B4 me. 


(b) Choice of stagger combinations: 

The gain-bandwidth performance can be displayed conveniently in’ the 
graphical presentation devised by Wightman (Reference 54), which Is repre- 
sented here as Figure 24-00. ‘The “normalized bandwidth" is obtained by 
tuking the actual over-all bandwidth required of the amplifier (7 me in our 
exuimple) and dividing it by the g,, 2eC of the tube (84 me), Thus, for the 
example at hand, the normalized bandwidth is 7/84 or about 0.083, Looking 
at Vigure 24-69 it will be seen that all curves which cross the vevtical line 








CIRCUITS 24-6) 


Ce 


i a= 






AQ 








1 Reet ace WSs 
ai fina aan i! af | ie 


Pt 
Fil 


Frourn 24-69 


es meee ead eae dT 





through 0.083 ac a level of 60 db or greater will meet the requirements. The 
loweat of these ere; 


I & lune atuggered triple; 3 tubes) 
a 2 (two staggered palrs; 4 tubes) 
1s 4 (one. .eceered quadruple; 4 tubes) 


(c) Feweat tubes: 

It (x evitlont that tec + sagered (triple requires the fewest tubes. This may 
not be the practical enawer, however, System requirements may favor the 
better aclectivity ratio of the 2 2 or 1 > 4 In spite of the extra tube (sec 
below). Also practical considerations of variability or tube characteristics 
may call for a margin of safety, thus favoring the other combinations. 

(d) Selectivity Ratio: 

The selectivity ratio for s cascade of Identical stages has already been 
given In Eq (24-74), and for the maximally flat function corresponding toe 
alngle s-uple in Eq (24-77), For a cascade of m identical m-uples, the select- 
Ivity ratlo ds: 


uno" — 1 
Selectivity Ratio - ne (24-46 
y \ V4 ) ) 


It is instructive to display this relationship graphically as in Figure 24-70, 
Which permits one to see quickly the relative merits of various combinations. 

For the example at hand, the selectivity ratios for the three alternatives 
Are: 
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mx n Selectivity ratio 
1x3 8.4 

2X2 5.7 

1x 4 49 


System requirements will have to govern the cholce Seve, 2 would appear that 
in yolng to jour tubes, one might as weil use the |» 4 combination and 
achieve the better selectivity ratlo and higher gain. Mere again, however, the 
system situation might favor the 2 x 2, since It has only two different inter- 
stage types to manufacture and align. 





Figuran 24-70 


24.9 The Double-Tuned Interstage: A Four-Terminuait Network 

An alternative means of realizing amplifier gain functions, in contrast to 
the single-tuned interstage network employed thus far, will be presented in 
this section. 

NothIng will be added to the approximation problem, Maximally flat and 
equal-dpple responses are still our most: useful approximations to constant 
gain in the passband. We know what sort of complex gain functions will 
produce these responses; Le, poles on a circle or on an ellipse, respectively, 
The task then is to find what sort of pole-zero arrangement comes out oF 
the double-tuned circuit, and how the pole co-ordinates: are related to the 
cireult parameters. 

The double-tuned clreuit, sometimes called transformer coupling, fs a 
logical extension from the singleetuned circuit, Tt represents the general 
process Of adding more cirouit complexity in exchange for Improved perfor: 





CIRCUITS 24-63 


mance. The improvement fs of two kinds: a better gain-bandwidth factor 
and a better selectivity (better In that one stage provides a two-pole re- 
sponse, instead of a one-pole as with the single-tuned stage). 

There are several equivalent forms of the double-tuned circult, illustrated 
in Figure 24-71, the moat common belng the inductive coupling an? the pl 
equivalent. 
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Initially we shall confine the discussion to the inductively coupled arrange- 
ment, specified by the primary inductance 1,, the secondary inductance L,, 
and a coupling coefficient &, defined in the conventional way as: 


ka M/VLLy (24-87) 
where Af fa the mutual inductance between the two colls Z, and Jiu, 


We can further define 4 primary resonan. frequency wo, and a primary QO), 
and likewise for the secondary: 


tu} 


i> 


1/VL,C, wy V/Viiu (24-88) 


4} 
‘ 


Q; a Ry /uyLy QO; = Ri/ugly (24-89) 


t 


There are several cases of practical Importance, which we subdivided first 
into the narrow-band and wideband situations, Let ux consider the narrow: 
band case first, for which & << I 

Next we consider two cases; (f) equal Q; he, O; = Oy, and (2) one 
infinite; eg, Oy = o, 


Maxonally Flat Amplitude Response — Equal Q's, 

The relationships in (24-90) of (24-91) are definitive for maximal flatness, 
and the ones usually found in the handbooks for the proper adjustment of a 
double-tuaced clreuit. The coupling coefficient &, so defined, Is sometimes 
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known as transitional cr critical coupling, since it is the cross-over value 
between a single-peaked and a double-peaked amplitude response. 


k= 1 8, — } B f 
~ 2 wy v2 fo Sd 


where 8, is in radians per second and B Is in cycles per second. 


QO 1 1 
Critical coupling, Ap = jesse = OS (24-91) 
VOi01 v 
Equal-Ripple Response 
The equal-ripple response could be almilarly realized by Increasing the Q 
by multiplying Q by 1/(tanh a) . 


Gain Bandwidth Factor 

Now that it has been shown that a desired amplitude response can be 
realized, what about the gain-ebandwidth factor? If one takes the value of & 
Gefined by (24-90) and uses It to solve for the gain at band center and 
multipics this by the bandwidth AB (cps), the following obtains: 


'A(Juo)| B= | Bee | VE (24-92) 


Jel 2niC 05) 





This is the galn-bandwidth product, and it contains a term dependent only 
upon the tube; namely gy /2e(2VCiCy). This quantity corresponds to 
Km/ar(C, 4- Cy) which was the gain-bandwidth product of the single-tuned 
stage, and is very cloxely the same unless C', iv very different from Cy (the 
difference in 6 percent for a 2:1 ratio), The new form of this factor Is indeed 
the galn-bandwidth product for the single-tuned circuit if, an ideal trans- 
former is included. The important fact ts that the double-tuned circult, with 


equal primary and secondary Q is better hy V7, and hence the gain-band- 
width factor of the circult ds \/2. 


Unequal Q's 

The next case of interest is that lo which one of the Q's is infinite, ‘This 
condition can only be approximated in practice, since the primary is always 
londed by the plate resistance of one tube, and the secondary by the Input 
conductance of the other, Both primary and secendary have Inevitable cireult 
losses. Nevertheless, in wideband applications the required (is so low that, 
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in contrast, the minimum @ of elther primary or secondary (primary in 
particular, at high freauencies) will be 50 large In proportion that the results 
predicted by assuming this Q to be infinite are approximated quite closely. 
The gain-bandwidth factor for this case can be found in the same way &s 
for the equal-O case. The result fs that the gain-bandwidth factor when one 


Q Is infinite {s 2.0, instead of \/2 for equal Q's. 


Cascading of Stages 
When maximally flat double-tuned stages are used in cascade, the band- 
width narrows. The narrowing factor iy the same for any two-pole stages, 
and hence must be the same as for staggered pairs, namely the factor ob- 
tnined from Eq (24-84) form == 2: 
Bandwidth of m stages 4p 
tivities: = (24-93) 


The gain-bandwidth fucter for m stages is the value of (24-93) multiplied by 
either V2 or 2, depending on whether QO, = Q, or Q; = @. 


Stagger Damping 

The term “stagger damping’ was coined, apparently by Wallman, to 
describe a form of stagger tuning using double-tuned circuits. Only the 
narrow-band situation is permitted. The technique permits the synthesis of, 
for example, a four-pols maximally flat response with two double-tuned 
stages In cascade, The stages are not identical, but are “staggered”, except 
that both stages are tuned to the same center frequency and it is the Q, or 
damping, that differs between the two stages, 

The basic principle of stagger damping can be 
demonstrated readily by means of Figure 24-72. 
The first stage will yleld a single-peaked response 
and the second a double-peaked response, The 
two combine to give a maximaliy flat over-all 
response, 

Both stages hive the same center frequency 
fu. Which Is the desired center frequency of the 
pair, With an equal Q design, the 4 and Q are as follows: 
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Stage 1 k=: (R/fy) cos (9/8) 

Q = 1/](B ju) sin (wr 8) (24-04) 
Stage Z k= (B fy) cos (39/8) 

Q= | TB fo) sin (9 8) | 
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For unequal Q, specifically for Q, = oo, both stages have the same coup- 
ling coefficient & = B//y. The values of O are as follows: 


Stage1 = Qy = 1/'2(B/fo) sin (w/8) } 


Stage 2 QO, = 1/[2(B/fo) sin (3/8) | er? 


The technique is cbvicusly not limited to the four-pole case. Any even 
number of poles can be used, each pair corresponding to one double-tuned 
stage. The practical limits aro excessive Q's and extreme precision of adjust- 
ment for the higher order canes. 


The Wideband Case 

In the wideband case the center frequencies of the stages are necessarily 
nonidentical, thus Introducing additional complexity. The rewards are aub- 
stantlal, however, In gain-bandwidth. performance compared to stagger turing 
with single-tuned circulis (Reference 55). For example, a staggered pair will 
give 12 db more gain for the same bandwidth than will a pair of staggered 
single-tuned stages. A triple will give 18 db more. 

A response curve obtalned with a staggered palr is shown In Figure 24-73. 
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Notice that the curve has approximate arithmetic symmetry, rather than 
geometric, relative to the center frequency (20mc.) In contrast, a staggered 
palr oof single-tuned staves would produce geometric symmetry, Le, a 
steeper fall off.on the low-frequency side. 


Mqual-Ripple Response 

It is alse possible to provide an equal-ripple response with double- tuned 
circults. For a single atuge and for bandwidths which are not excessively 
large, the data published by Dishal (Reference 36) can convenlently be 
used. For extremely wide bands, and for stagger-tuned stages, it is theoretic. 
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a''y possible to provide exact equal-ripple responre (Reference 49), but 
v Ste des'gn data are noi yet available. 


The Capacitance-Coupled Circuit 

The discussion up to now has been confined to the situatiun where the 
primary and secondary circults were inductively coupled together, elther with 
mutual inductance or with the pl or 7 equivalent (Figure 24-71), There is 
an alternative case, which is of both theoretical and practical Interest. This 
case $s called capacitive (or capacitance) coupling, and is illustrated in 
Iigure 24-74, There is no coupting from primary to secondary except 


o 


through the capacitance C,,. A coupling coefficient can be defined for the 
network, analogous to the Inductively coupled circult: 





Figuax 24-74 


Ilo 


_ Cm _ (24-96) 
VCiCy 

In « narrow-band situation, ie., small B/fo, capacitance coupling and in- 
ductive coupling are about equally useful. As the bandwidth Increases, how: 
ever, certain disadvantages appear for the capacitive case. The shape of the 
amplitude response curve is highly unsymmetrical, dropping off quite 
sharply on the low-frequency side as depicted in Figure 24-75. This dlssym- 
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metry is substantially greater than with the single-tuned circuit, where as 
described carter there is exact geometric symmetry. 

Moreover, the gain-bandwidth factor of the capacitance-coupled circuit 
is highly unfaverable in) wideband situations. For comparison with the in- 
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ductively coupled case, there is plotted in Figure 24-76 the curves of gain- 
bandwidth factor for QO, <= 0, 


The Autotranzjormer 

Another form of double-tuned Interstage, which Is really a special case of 
inductive coupling, is the autotransformer shown in Figure 24-71 (c). While 
this scheme is well known at 60 cps, it has not received wide employment 
at radio frequencies. It nevertheless Is quite applicable, and the design can 
be straightforward (Reference $6). It has particular advantage in wideband 
double-tuned amplifier stages with large bandwidth and large ratlo of C, to 
Cy; in fact, it turns out conveniently thet the autotransformer is physically 
realizable in those regions of operating conditions where the pi equivalent {s 
not (because of one or more negative elements) as seen !n Reference 55. 


Selectivity Ratio 

The selectivity ratio of one maximally flat, double-tuned stage is the same 
as that of the maximally flat staggered palr. Similarly, the selectivity ratio 
of cascades of Identical stages is the same as for cascades of pairs. Hence, 
both Eq (24-86) and Figure 24-70 apply, provided one takes values only 
form == 2. 

Stagger damping of stagger tuning in the widebund case can also be 
studied from Figure 24-70, For a maximally flat pale of double-tuned stages 
take # = 4; for a maximally flat triple, take m = 6, ete. 


24.10 Low Noise Traveling-Wave Tubes 

The helix type traveting-wave tube, which fs described in more detall 
in Chapter 26, is valuable in ferret and ECM. applications, because It 
iy able to amplify over extremely wide frequency bands. It is convenient 
and customary to cover octave bandwidths up to elyht kme. At. highez 
frequencles it is possible to cover still greater ausolute bandwidths, but in 
ratlos progressively decreasing from an octave. Thus eight to twelve and 
twelve to eighteen kme are typleal. 

In most situations i¢ is important that the waveform of the received signal 
be accurately reproduced, Therefore phase and amplitude distortion are un- 
desirable, Moreover, Hf some or all of the signals are weak, it is: necessary 
that the first amplifier have a dow noise figure, Otherwise, the signal will be 
obscured by random disturbances called noise, 

In traveling-wave tubes the principal source of aoise is randomness in the 
bask electron stream, which produces amplification by interacting with the 
tleetromagnetic fields within the helix. Accordingly, the tube becomes) pro- 
gressively “quieter” as this source of noise is suppressed to a negligible value 
by making the electron flow more smeoth and orderly. Additional noise can 
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be introduced by thermal agitation of electrons within the metal of the helix 
itself. However, this effect, which depends upon the temperature and attenua- 
tlon constant of the input portfon of the hellx, is ordinarily small and when 
necessary can be further reduced by cooling or by use of q low-loss matertal, 

The principal constructional features of a low-noise traveling-wave tube 
are shown !n Figure 24-77, Design Interest centers on the cathode and as- 
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Fiourx 24-77, Low-nolse, helix-type traveling-wave tube, 


sociated electrodes which make up the electron gun that produces the electron 
beam, Because the behavior of such guns is extremely complex, a large 
amount ¢f work has been required to reduce nolse levels to their present 
value. The lowest practical cathode temperature is used, the geometry is 
carefully controlled so that electrons move in amooth non-crossing paths, and 
thelr velocity is Increased gradually by use of about half a dozen separate 
ring-shaped electrodes, each at an increased potential. 

The electron beam {ts prevented from spreading by a uniform magnetic 
fleld which is accurately parallel to the axis of the helix After passage 
through the hellx the electrons are captured in a smd metal cup or collector, 
To avold undesirable gain variations and Increase of noise it is liaportant te 
arrange mutters so that no appreclable number of electrons released by 
secondary emission from the collector are able to traverse the helix in the 
reverse direction. Aise, It is necessary to achleve and preserve a very high 
degree of vacuum. Otherwise the jons formed by bombardment of the residual 
gas perturb the electron beam and add noise to the output signal by produe- 
Ing random modulation of the phase and amplitude. 

Typical low noise traveling-wave tubes have saturation power output levels 
of about one milliwatt, values of gain in the nelghborhood of 25 db and dy- 
namic range near 50 dh. 

Noise figures typleal of contemporary production-type traveling-wave tubes 
ure shown in Figure 24-78, These values are strictly comparable with noise 
figures typical of trlodes and parametric amplifiers. Too must be understood 
that such a chart ds necessarily general, and that somewhat lower as well as 
considerabiy higher noise figures will be metoin individual situations, 
Neither triodes nor parametele amplifiers are capable of matching traveling: 
waive tubes in bandwidth, though the latter are currently subject to very 
rapid improvement (References §7 and §8), 
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Fiouvay 24-78, Typleal values of nolse figure, 


24.11 Parametric Amplifiers 

The term parametric amplifier is a shortening of ampifier based on tirme- 
variable parameters, Unlike conventional ampilfiers, the power Increase comes 
from an alternating rather than direct current source. Parametric amplifica- 
tion can be achieved in a linear system in which an inductance or capacitance 
is varied periodically by mechanical mea: i, However, ciectronic devices are 
capable of frequencies fur higher than anything which can be achieved 
mechanically. Therefore, such near systems are of relatively Ilttie import- 
ance, 

Practical parametric amplifiers employ nonlinear elements, in: which the 
inductance or capacitance presented to the weak signal is periodically varied 
by a much larger pump signal which is usually at a substantially higher 
frequency. Both ferromagnetic and ferroelectric materlals are cnaracterized 
by nonlinear behavior such that the Incremental permeability or permittivity 
ix subject to wide variation during the cycle of a sufficlently strong (pump) 
signal, Also, the effective capacitance of a semiconducting dlode is quite 
sensitive to the total back bias applied. 

Perhaps the simplest example of parametele excitation ts provided by a 
pendulum in which the length is periodically varied. Such a system results 
Wothe Tine toa plumb-bob is passed through an cyelet and pulled at appro- 
priate times. Referring to Figure 24-79, i is easy to see that energy will be 
delivered to the boboand that the amplitude of the oscillation will tend to 
Increase Hi the tine ts pulled duriag Uiese intervals when the bob is approach: 
lng the center of dts path and is released so that the pendubtan dengthens 
When the motion is away from center. His seen that the line is pulled five 
while the pendulum describes one full eyele af oscillation, “Pherefore it tol: 
lows that the frequency af the driven or generuted oscillation is exactly hall 
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Figur 24-79, Varluble-length pendulum. 


that of the driving or pumping signal, This two-to-one relationship is useful 
in frequency dividers but represents only one special case of paranietric 
excitaticn. 

By anelogy with the veriable-parameter pendulum we are ted to the correct 
conclusion that an electric clreult: will oscillate if its tuning is: periodically 
changed by variation of either the Inductance or capactanee, Tn fact, the 
ordinary induction alternator is an example of this relationship. Here again, 
the simplest situation is a singly-resonant circuit in which the value of the 
inductance cr capacitance varies at twice the natural frequency, 

A more complicated but much more useful situation arises when the e¢lec- 
tric clrcult has two natural frequencies and the pumping signal has gy fre- 
quency which is the sum oof these two, Simultaneous (and closely coupled) 
oscillations arise at the two natural frequencies of such a circuit: provided 
the losses are luw enough tn relation to the power level of the pumping siz: 
nal. Oscillathons cease but a aubstantial negative resistance remains at both 
frequencies if the level of the pumping signal is reduced somewhat below 
that which causes oscillation, Such negative resistance is the basis of most 
practical parametric amplifiers. Tn such a doubly-resonaat system a rehitively 
weak Input signal atone of the freauencies produces a considerably larger 
power output at either frequency. Therefore, the two frequency parametric 
amplifier is aise capable of operating asa frequeney changer, 

The principal advianiage of parametele amplification is that it adds very 
little noise to the input signal This desitable property stems from the fact 
that thermal noise ds assockited: with Che resistive rather Chan the reactive 
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portion of circult Impedance. Therefore, e@ purely reactive circuit would con- 
tribute no noise whatever, regardless of its temperature. This ideal sliuatlon 
ix, of course, never realized in practice. However, it is approximated well 
enough so that under favorable circumstances a parametre amplifier oper- 
ating at room temperature is capable of contributing no more nolse than 
that due to a pure resistance at 80" KR. That is, in terms of a source at room 
temperature the noise figure is weil below one decibel. More representative 
values of the noise figure to be expected of a parametric amplifier are given 
in Figure 24-78. 

A typical microwave parametric amplifier uses a back-blased semiconduct- 
Ing diode in a cavity resonator system tuned to two frequencies; the Input or 
signal frequency, and an auxiliary or idler frequency which is ustiaily con- 
siderably higher. In addition, the system must freely transmit the pump 
frequency which is the sum of the two. 
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Mitre 24-80. Parametrle amplifier, 


A system having suitable characteristics is shown in Figure 24-80. The 
lengths and impedances are such that nearly all the power supplied at the 
pump frecuency [is delivered to the crystal diode and that: virtually none 
leaks through to the signal source. The coaxial structure also bas a low-loss 
resonabee at the signal frequency and another at the idler frequency, ‘The 
Junction between the Input low-pass filter and the resonant: structure ds 
chosen so as to provide mw good power transier to the crystal without serlousiy 
leoeling the signal-frequency resonance, 

A system of this sort readily produces a gain of about 20 db with a band- 
width of 2 to lO me in the frequency range 200 to 3000 me. The pump 
delivers a power of about SO milliwatts at a frequency about four times the 
signal frequency. The saturation signal tevel is about — 40 dbin, the dynanic 
range about 8O db and the noise figure one to four db, 

The noise figure tends to improve iis the pump frequency: is increased, but 
this tendency is offset by the fact that available pump signals become noisier 
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and leas stable with increasing frequency. Therefore, in any given situation 
there js an optimum pump frequency. 

It fs appropriate to close this section with a brief note concerning the solid- 
state maser, which achieves much the same result in a quite different way. In 
the maser the awkward problem of controlling three natural frequencies in a 
cavity resonator is avoided by selecting a material In which appropriate 
resonances are inherent in the structure of the substance itself, This {s pos- 
sible because a number of materials such as ruby have the property of para- 
magnetic resonance, which may be varied by means of an external magnetic 
field. In the parametric amplifier the power source is & puinj at the highest 
frequency, and amplification or frequency conversion may be obtained at 
either of the two lower frequencies. 

A good general account of parametric amplifiers js given in Reference 59. 
A more detailed treatment with comprehensive biblography appecrs In 
Reference 60, and additlonal theory is yiven in Reference 61. 


Section Il: Filters 


24.12 Filters 

A filter is a structure or system which is capable of selecting or discrimin- 
ating between signals having different characteristics, The term originated 
In connection with frequency-selective filters consisting of combinations of 
passive Hnear low-loss reactive elements. Low-pass and bandpass filters ure 
familiar examples of such frequency filters, The wide use of pulse circults and 
techniques made it clear that signals are sometimes more readily identified 
by their time pattern than by their frequency spectrum and demonstrated 
the need for another class of filters which discriminate between signals in 
terms of direct waveforms, and are referred to us time-domain or correlation 
filters, 

Recause unique relatlonships, expressible in terms of Fourier and Laplace 
transforms, exist between the waveform (time domain) and spectrum (fre- 
quency donwin) specifications of a giver: sigaal, it is clear chat frequency and 
correlation filters are not Independent, However, the relationships in question 
are relatively complex. Therefore, in typleat situations one of these two alter: 
nate approaches to the filter problem is far simpler and more straightforward 
than the other, 


2412.1 Frequency Filters 
A frequency ther ordinarily consists of a combination of low-loss inductive 
and capacitive elements, The most general response characteristics and. the 
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Ficus 24-81. A slmple low-pase filter. (a) Lattice representation, (6) Bridge repre- 
a'ntation. 


most powerful design methods are associated with th: iattice or bridge struc- 
ture illustrated In Figure 24-8!,. Such filters are characterized by two different 
pairs of Sdentical reactive arms, a useful resistive load, and a source which 
is also a pure resistance. Ordinarily. but not always, the suurce and load 
resistunces are equal, The design ordinarily neglects the energy losses which 
result from unavoidable resistance in the reactlve elements, and it is always 
desirable to minimize such resistive losses. 

The lattice arrangement is unattractive in practice for several reasons. 
The number of elements required is lurge, neither load nor source may be 
grounded, and it is quite difficult to adjust the various eiements to the pre- 
cision required, Practical filters are ordinarily constructed In the ladder con- 
figuration shown in Figure 24-82. With few exceptions the unbalanced ar- 
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Frown 24-82, Ladder-type alters equivalent to Figure 24-46. (@) Nalanced cr sym. 
metrical form. (635 Unbalanced or common-ground form, 


rangement is preferred because it permits a common ground connection and 
Uses a minimum number ef ciements. A further advantage of this configura- 
ton ds that itis easy to compound the discrimination or frequency selectivity 
of aeveral different filter sectlons by connecting thens in tandem or cascade ta 
forny a composite Alter, The prototype and a-derived filters of Zobel and 
Shea (Reference 62) are illustrative of this design technique. 

The performance of frequency filters is ordinarily specified and measured 
in terms of a single-frequency sinuseld wave, variable as required, In typles 
situations it is desirable to transmit without attenuation all signals having 
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frequencies within a certain range called the passband and to reject signals 
at all other frequencies. [It is important to note that conventional filters 
reflect toward the source all the energy which js not transmitted to the load. 
Therefore, they are characterized by large refiection coefficients outside the 
passband. Inevitably there are certain frequencies at which partial transmis- 
sion occurs, Dut it fs usually possible and deslrable to limit these effects to 
relatively narrow transition or guard bands. 

While filter requirements can b> = fled in terms of words or tabulated 
numbers, it ie usually preferable to . gaphical representation such as that 
shown In Figure 24-83. it is seen that no requirement exists in the frequency 
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Fiauan 24-83, Graphical apeciiicatlon of low-pass Alter 
characteristle 


interval 1.00 to 1.25. In the paasband the loss must not exceed some aniull 
value such as 2 db. In the rejection band above 1.25 the loss must equal or 
exceed the various values indicated. Because the response of physical filters 
is always continuous, the most economical filter meeting the given specifica- 
tions has a characteristic such as that ahowi in the heavy lne. 

At low frequencies it ds possible and desirable to construct appropelate 
frequency selective filters of lumped inductive and capacitive elements. How- 
ever, these elements become unattractive at frequencies above about 100 
megacycles because the losses are excessive, the power handling capability is 
Inadequate, and the stability is poor. 

At frequencies ranging from about 100 to 1000 megacyecles It is possible to 
construct excellent filters from sections of coaxial or (eccasionally paratlel- 
Wire) transmission dines. ‘Transmission dines are characterized by the fiet 
that thelr inductive and capacitive reactances are smoothly distributed along 
their length, Therefore it is impossible to design such filters by the methods 
developed for lumped elements, Fortunately, the resonant properties of quar- 
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ter- and half-wave transmission fine sections are quite similar to those of LC 
lumped circuits. Therefore, excellent approximate designs may be had by 
simple extensions of the methods used to design lumped-circult filters, 

At frequencies upwards of about 1000 me It Is necessary to abandon trans- 
mission dines and employ resonant cavities. Such cavities are mechanically 
stable and have extremely low datrinsic losses and therefore permit the con- 
struction of very selective filters, Unfortunately, such cavities arc capable of 
resonating ina variety of ways. Each of these resonances is Identified with a 
particular frequency and pattern of electric and magnetic fields and Js re- 
ferred to as a meade. To avold the creation of unwanted (spurious) pass or 
rejection bands it is necessary to make the dimensions of the various cavities 
dissimilar in such a way that their unwanted responses do not colncide. 


24.12.2 Correlation Filters 
Correlation filters differ from frequency filters in several important ways. 
Tney often employ active clements such as vacuini tubes, the behavior Is 
usually nonlinear, and time delay networks are lely to be Included. Such 
filters are most conveniently specified in terms of waveforms in the time do- 
main and tend co be more speclalized than frequency filters. The analysis and 
dexign of time-domain filters have received considerably less study than has 
been devoted to freauency titers. Because the behavior or such fillers: is 
more complicated and capable of much wider variation than frequency 
filters, it fellows that the specification of such filters is still very Incomplete. 
The jrcneral features of a correlation filter are fHlustrated by the range 
“ete which has been used in many radar systems, The purpose of the range 
date is to accept all signals which He within a specified interval of time and 
to reject signals which occur at other thoes. The essential elements of such 
sad «Ym it Kate or filter are shown dn Figure 24-84. A 
onan basic Ume reference js established by the 
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vow | by the signal source. “Phe returned slanals, 
ar in addition to being delayed, are ordinarily 
Fievar 24 84. System with rane vreatly attenuated and considerably con- 
‘ata taminated with noise. ‘They are amplified 

and converted fo a convenient frequency before delivery ta the elec 
tronic switch or gate, which Is central to the present discussion, Phe posi- 
lien of the gate is conteolled by an wetaating pulse which is appropriately 
delayed to correspond te the signal of interest. In the present situation it bs 
Clear that oplimuns results are obtained if the gate is actuated for exactly 
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The other sources of radiation in this aircraft will be the engine Intakes 
which may have temperatures as high as 200°C and the kot metal parts of 
tho engines. The total output cf the six engines will probably not be more 
than 4 kilowatts per steradian In the 4.3 micron zegion. The view of the hot 
metal and gases within the engine will be somewhat restricted by long ex- 
haust nozzles. 


21.7 Radiation Characteriatics of Air-to-Air Rockets 

The infrared radiativi: characteristica of rockets are also of interest in a 
discussion of infrared countermeasures. This is because Use Can be made of 
the radietion from the rocket motors of missiles in werning systems. (See 
section on engagement warning systems, Section 22-10.) Ultraviolet measure- 
tents on rockets have also been made in this connection. 

Table 21-IV shows radiation characteristics of air-to-air rockets in the infra- 
red in kilowatts per steradian at nose-on aspect (Reference 11). The number 
in parentheses following the average vaives Indicate the burning time in 
seconds over which the average was taken. Those following the maximum 
values indicate the time at which the maximum occurred. These values are 
from the nose-on aspect. Measurements were made at a range of 500 feet, 
No corrections have been made for atmospheric absorption. These measure- 
mente were made at che Naval Ordnance Test Station, China Lake, Califor- 
nia, where the water content of the atmosphere is quite low. 


TABLE IV. Rediation Characteristics, Alr-to-Alr Rockets. 


Type ae }.8-2.8 4 18-7 

Rocket average max average max 
FFAR MK 2 Mod 0 0.10 (1.6) 0.16 (0.7) 0.30 (1.9) 0.80 (1.0) 
FFAR Experimental 1.2 (0.7) 2.2 (0,5) 1.0 (1.8) 2.0 (9.4) 
FFAR 107 B 0.15 (1.6) 0.47 (0.3) 0.33 (1,8) 12 (0.9) 
HVAR 1.0 (1.1) 17 (0.4) $3.2 (1.5) 6G (0.5) 
Zuni 6.8 (1.2) 0.0 (0.3) 19.0 (1.6) 34.0 (0.9) 
HPAG 0.05 (1.5) 0.50 (0.1) 0.16 (4.2) 0.28 (0.2) 


TABLE 2!1-V. Radiation Characteristics of Several Rockets 
in the Ultraviclet 


Type Rocket Motor Minimum Maxiimutn 
FFAR MK 1 Mod 3 0.1 0.13 
FFAR MK 2 Mod 0 3.0 8.0 
VFAR Exp X-12 12.6 189 
HVAR MK 10 Mod 6 18.0 27.0 
HPAG 123 G 0.2 0.8 
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close to the nozzle, considerable energy at the ceriters of these bands is ab- 
sorbed. Plume radiation is not particularly important in the 2.7 micron spec- 
tral region, it having been estimated that az much az 95 percent of the 
radiation in the lead sulfide region (1.6 to 2.8 microns) originates from the 
tail pipe. The chief significance of the plume radiation is that it has a much 
broader spatial distribution pattern than does the radiation from the tail 
pipe. There is considerably more energy from the plume in the 4.3 micron region 
of the spectrum than in the 2.7 micron region, although {t is atill much less than 
that of the tall pips. The ratio of the output in the 4.3 micron band to that in 
the 2.7 micron band mey vary by almost a factor of 10 and may be as much 
es 25 or 30. Since the 2.7 micron band radiation falls off more rapidly with 
temperature than does the radiation at 4.3 microns the ratio mentioned 
above increases with altitude, because of the lower throttle settings and 
correspondingly tower temperature usually involved. Total plume radiation 
drops rapidly with altitude. Measurements have shown that at 40,000 feet 
the plume radiation In the 2.7 micron region is down to abcut six percent 
af its ground level value, while the plume radiation {a the 4.3 micron region 
is down to about 45 percent of its ground level velue (Reference 9). The 
radiation in the 4.3 micron region at 40,000 feet would be about ten percent 
of the tall pipe radiation. At sea level the plume radiation of the J-57 engine 
in the region between 4 and 5 microns, for a throttle setting of 93 percent 
would be whout {10 watts per steradian from tall aspect (Reference 3). At 
40,000 feet this would drcp to about 50 watts per steradian. 

The Infrared radiation frum an aircraft is greatly increased by the use of 
aa afterburner, the output of an engine sometimes Increasing by a factor of 
50 or more when its afterburner je turned on. 

In the case of some supersonic aircraft the radiation from the serody- 
nanilcaliy heated akin wil! probably be much greater than that from the hot 
metal parts of the engines and the jet plumes combined. It has been esti- 
mated that a six-engine aircraft, flying at a speed of Mach 3 at an altitude 
of 75,000 feet may have a skin radiation of as much as 60 kilowatts per 
steradian for the 3.0 to 5.2 micron band in zome directions if the skin mate- 
rial is in an oxidized condition (Reference 10). 

Afterburner plume radiation Is expected to be practically negligible com- 
, ‘ed to that of the skin, This {s due to the fact that at these high speeds 
there is a great reduction in pressure as the hot yasea leave tlie engine nozzle. 
Tlils large change in gas pressure is accompanied by a corresponding drop in 
temperature. The resulting plume temperature behind the alrcraf. wil! prob- 
ably be less than S00°C and the plume radiation in the 4.3 micron region 
will probably be less than | kilowatt jer ateradian, even when ali six engines 
can be seen by ihe detector. 
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the same Interval that the signal is presented. This simple statement is an 
example of tne general propos'tion that for best results the filter should hc 
matched to the signal, Unde ‘hese circumstances there is output to the 
lntegrator only du; og the durauon of the pulse, and nolse occurring at all 
other times is eliminated. When supplemented with a frequency filter which 
limits the noice bandwidth to the smalleat value consistent with the pulse 
duration, this time-domain filter gives results which approach the optimum 
predicted by information theory, 

Time gates similar to the one Just described are widely used in radar and 
coinmunication systems. In ECM systems they are useful tc sort out pulsea 
received from various sources, whether the purpose be to secure infurmation 
or to initiate counterineasures uction. 

The extreme simplicity of the range gate stems irom the fact that the 
signal to be recelved consists of periodic rectangular pulses. In a more general 
situation the signal is modulated in both amplitude and phase, and it is 
necessary to employ considerably more complex filters in order to secure an 
appropriate match with the signal. 

As an extreme example of a correlation filter, consider a c-w rader which 
transmits a signal consisting of bandiimited pure noise. Such a signal, whicn 
may be generated by passing pure “white” noise through a bandpass fre- 
quency-filter, consists of successive cycles, which while generally similar 
differ somewhat In both amplitude and period in a completely random man- 
ner, Because such a random sequence never repeuts itself exactly, it ir 
possible to secure range Infornsation by comparing the returned signal with 
a delayec: sample of the tranamitted signal. A method for performing this 
ge operation ts sown in Figure 24-85, 
My A sample of the transmitted nolse 
stogeera Metighee | iol | 4 signal is delayed in such a way that 

« the detailed shape of the wave Is 
unchanged. The necessary compari- 
son ts performed in a multiplying 
circuit which is so arranged that 
the output represents the product 
of Instantaneous values of the two 
Inputs, This corresponds to the mathematical process of cross correlation. 
Under the specified conditions the output is extremely small unless the 
two Inputs have the sume waveform, in which case a substantlal output 
ix obtained, 

It should be noted that the requirements on the delay unit for this anplica- 
thon are snuch more severe than «re those which apply to the simple range 
wate because it Is necessary (o preserve the wave shape rather than simply 





Fiaouny 24.88. Nolee-correlation filter. 
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produce a trigger pulse at an appropriate time. 

The difficulty In producing a practical delay unit which meets the condi- 
tions specified is such that various artifices are employed to secure equivalent 
resulta. One such method {s to recirculate the signal repeatedly through a 
relatively short delay line, compensating {ts loa:es by means of a broadband 
amplifier. 


24.12.38 Comb Filters 

Filters which f.eely transmit a large number of discrete frequencies which 
are harmonically related while suppressing all others are referred to as comb 
filters because the response curve loons like the teeth of a comb. While such 
filters can in principle be constructed of lumped elements using conventicnal 
design methods, it Is rarely desirable to do so because of the large number 
of elements required and because the effects of dissipation are particularly 
harmful. A more rewarding approach {s secured by noting that the desired 
spectrum iepresents the frequencies which are present in the most general 
form of wave having a period equal to the reciprocal of the desired frequency 
separation interval. Therefore, we are led to employ as our basic building 
block a passive unit having suitable values of bandwidth and time delay. 

A comb filter of this sort is shown ifn 
= Deiey vat L Figure 24-86. The delay unit and amplifier 
=| C \ have comparable and relatively large band- 
bow! a }{%m widths, and the gain of the amplifier Is oniy 
slightly less than the loss of the rest of the 
loop. Under these conditions the loop is 
strongly regenerative at a large number or 
uniformly spaced frequencies at which the net phase shift la an integra! 
multiple of 360°. All such frequencies are strongly emphasized in the output. 
Therefore, the over-al! transmission characteristic has the desired comb-like 
shape. The extent to which the Ideal response may be approached depends 
upon the extent to which the loop gain at the many frequencies in question 
can be made to approximate the critical zero value. 

The behavior of this type of comb filter and of all sorts of recirculation 
systems based on time delay is made clearer in the discussicn of frequency 
memory in the following section. 

The literature on filters in very extensive, and any brief bibliography 
necessarily represents somewhat arbitrary selection. A very complete theore- 
tical treatment {is given in Reference 65. Good handbook material is provided 
In References 64 and 65. A comparison of filtering methods ' given in 
Reference 66, 
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24.13 Frequency Memory 

In many ECM and ferret situations ft wouid be convenient If « received 
signal pulse could ce stored as a continuous wave of substentially the same 
frequency. This function !s performed by « frequency memory unit, which Is 
a special kind of regenerative circult capable of sustaining oscillation at any 
one of a large number of discrete frequencies. 


The arrangement of a typical frequency memory vnit Is shown In Figure 
24-67. Delay, which is typically of the order of 
1 one miscrozecond, is provided by an appropriate 
ert pas coaxial! cable. The traveling-wave tube, which 
Tote! deiey - seco | has a bandwidth upwards of a thousand mega- 
o| a cycles, provides a gain approximately 6 db In ex- 
cess of the loss produced by the delay line and 
Fiounz 24-87, Frequency the directional coupler, which should have a 
memory unit using traveling- relatively small coupling loss and very small se- 
wave tube and coanis! cable fection coefficients. The input signal divides in 
ee: the coupler, part passing directly to the out- 
put, part flowing through the delay line to the amplifier. If the ampil- 
fier is energized in the presence of a relatively sma!l Input It will yleld an 
additional compo.ient of output. Of greater present Interest, it contributes 
to the delay line an additional signal which under favorable circumstances 
ls in phase with and larger than the original signal. It is readily seen that 
the frequency of the signal tends to be preserved and that the 'evel of the 
signal grows with successive recirculailons around the loop. This step-wise 
growth process continues ur.t!l a level is reached at which saturation sets in and 
the net gain around the loop is reduced to unity. Under favorable conditions 
the system now oscillates stably at this level and frequency until the power 
la turned of or the situation is changed by the Injection of a relatively large 
Input at some new frequency. The behavior is ilustrated In Figure 24-88. 


wa 


Fiovrx 24-88. Signal growth In idealized frequency memory unit with loop zain of 6 dh. 





It is readily seen that the possibiiity of oscillation exists for any frequency 
sutisfying the Gavkhausen phase relationship. 
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¢@ = 2ne (radians) (24-97) 


If, es is often the case, the total loop delay is nearly independent of frequency 
and is equal to v (seconds) the total phase shift is given by 


@ == wr == aefr (24-98) 


Filmirating @ between these equations we see that oscillation can occur at 
any frequency satlefying the equation 


fon) (24-99) 


subject to the additional requirement that the (small signal) loop gain must 
equa! or exceed unity, If, for example, the delay is ene microsecond and the 
loop geln exceeds unity throughout the frequency band 3 to 4 kmc, then the 
unit is at least potentially capable of oscillation at any one of a thousand 
discrete frequencies separated by uniform increments of one megacycle. 

The analysis (Reference 67) of frequency memory units, which is relatively 
complicated, shows that the idealized behavior just described Is not realised 
In practice. Occasionally, the system oscillates simultaneously at two or more 
frequencies. More often, the small reflections produced by Imperfections in 
the tube and cabie disturb the form of the oscillation by producing growing 
phase modulation which eventually suppresses the carrier. When this occurs 
the Initlal frequency Is lost and oscillation occurs at some frequency cr fre- 
quencies favored by the sysiem. However, the phase modulation process Just 
described requires a substantial amount of time—therefore, ever: in unfavor- 
able circumstances the initial frequency Is preserved fcr some finite period 
referred to as the memory (ime. 

As one might anticipate from simple considerations, the system works best 
at frequencies having the largest values of loop gain and more poorly at 
frequencies where the yain is lower. However, it turns out that the behavior 
is affected more by the curvature than the depth of the gain valley. ‘This 
situation is dflustrated by Figure 24-89 which shows the loop gain and 
memory time of a particular S-band frequency memory unit. 

The behavior of a frequency memory system is greatly affected by the 
duration of the input pulse, which is often referred to as the Instruction 
signal. It is readily seen that the optimum situation exists when the instruc- 
tion pulse has a duration exactly equal to the loop delay r and a frequency 
correaponding to one of the natural modes of the tystem as given by Eq (24- 
99). Finally, if the input level fs such that the tube Is immediately driven 
to its normal saturation level, there fs no starting transient whatever, The 
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24:8! 
first cycle of the wave delivered from the output of the amplifier fits exactly 
onto the last cycle uf the Input pulse, and continuous oecillation is estab- 
ished. 
rk It should be noted that the ar- 
~ rangement shown has the advantage 
that the amplifier need not be fully 
| energized until en Interval + after 
the beginning of the Inatruction 
pulse. This feature is important in 
= wmraatiaga! avetama heceuse annrari. 
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able delays are involved in the 
gate circults which perform this 
function. In other situations where 








' the amplifier can be energized 

Ls ™,. quickly enough, it le possible to re- 

Dg eel et ___|—. duce the required Input signai (and 

ba nh men ———-~—— the avallable output) by inter- 

Frequency ima) changing the location of th.. delay 

Fiounr 24-89, Loop galn and memory time and the coupler with respect to the 
for a typical frequency memory unit. tube 


The understanding of frequency memory systema is facilitated by refering 
to the two mode osclilator illustrated in Figure 24-90 and studied by van 
der Pol (Reference 68). It js assurned that 
the tuned circuits are reasonably sharply 
tuned and are elmilar as to Impedance ievel 
and natural frequency. If the two frequencies 

Fay. are incommensurate and the nonlinearity of 

i — the amplifier hzs a typical and appropriate 
dete form, it can be shown that the circult can 
Fioune 24-90. Bistable frequency sustain oscillation at elther of the two fre- 
Peary) Wine NESE “secetone quencies and that only one frequency fs pos- 
aslble at one time. The frequency of oscillation can be estabiished by 
an external generator connec’ed in some convenient way sa indicated. 
Two forms of Instructlon are possible. In one, the signal is applied dui- 
Ing the Interval itnmediately following the supply of power during which 
oscillation is building up. In the other a relatively strong signal ia supplied 
for an interval sufficient to force oscillation at the deslred frequency. Be- 
cause the system can sustain oscillation indefinitely at either of twu {re- 
quencies the cholce of which Is exterior to the xyatem, it represents a form 
of memory unit operating In the frequency domain and capable of storing 
one bit of information. 
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By providing additional suitable tuned circults to the arrangement of 
Figure 24-90 it is possible to extend the same kind of operation at three, 
four, or more separate frequencies. However, the impedance and frequency 
of the several tuned circuits must be controlled within narrower and nar- 
rower Iimits as the number is increased. Practical experience suggests tnat 
the systein reaches its practical limit at about ten different frequencies. 


24.14 Amplitude Limiters 

In many systems, including automatic frequency contro: devices and re- 
celvers for frequency modulated signals, it is necessary to provide a circuit 
heying an output which, within Hmits, ls Independent of the a:nplitude of the 
input. This function is performed by a suitable nontinear circult called an 
amplitude limiter. 

One form of amplitude limiter which is applicable In a wide range of situa- 
tions ia the asymmetrical clipper shown in Figure 24-91. The reslative losd 
is approximately equal to the resistance of the source. The diodes are back 
blased so that they do not conduct until the Instantaneous voltage exceecs 





Fiovnr 24-91. Symmetrical diode clip- 
per, Fiovar 24-92, Wavefcrms in clipper. 


sume threshold level V. To facilitate anulvsis it is assumed that the diodes 
are ideal with rero forward resistance and infinite back resistance. Good 
results in substantial agreement with theory are obtained If in relation to 
the load resistence the forward resistance js very low and the backward 
resistance very high. Germanium, silicon, aad thermionic diodes readily sat- 
isfy these conditions for reasonable values of the toad Impedance. 

The action ef the clipper is readily understood in terms of the waveforma 
shown In Figure 24-92. For amall (instantanecus) values of ¢, the load volt- 
age v is equal to ¢/2. For large values of ¢, the load voltage v is constant and 
equal to + V, It is seen thac Increase of the amplitude of ¢ causes the cutput 
waveform to approach a square wave, of which the fundamental component 
has a (peak) amplitude equal to #V/2. A relatively simple analysla shows 
that the ratio of the fundamental component of the output voltage to the 
(sinusoidal) input voltage is expressed by the parametric equation 
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2(¢ + sin 6 cos oD) 
y= - 


and has the form shown in Figure 24-93. 


Ampitude Discrimination 
Frequency modulation is widely used because it results In systema which 
are insensitive to important ciasses of nolse and interference. This insen- 
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Fioung 24-93, Radio of clipped to un- Frover 24-94. Amniltude  discrimina- 
clipped output. tion in eymmetrical clipper. 


sitivity !2 directly connected with the amplitude discrimination provided by 
the limiter in the recelver. To examine this'property we extend the analysis 
of the simple cilpper of Figure 24-91 to Include the effect of two signals. 
See Figure 24-94. Suppose that tne source contains two unrelated frequencies 
f, and fs and that the voltage of /y is large compared to that of /;. It Is 
readily seer that the results previously presented stil] govern the behavior 
of /, bus that /, Is transmitted to the load only during the unclipped Interval 
of the cycle. Thus the relative transmission of the f/, component 3 given by 
the equation. 


n= 20/9" 


It Is seen that the weaker aignai /, is transmitted less freely than the strong 
signal at fy. That {s, the strong signal tends to suppress or discriminate 
against a co-existing weaker signal. 

This desizable property can be compounded by using several limiters In 
cascade. However, !t is necessary to separate successive clippers by ap- 
propriate tuned circuits of filters, Otherwise the clippers are effectively in 
parallel and no useful accumulation of the discriminating function results. 

The cascading of limiters ts greatly simplified by employing vacuum 
tubes to ivolate successive stages. Successive tuned circults compound thelr 
selectivity, and the vacuum tubes produce both gain and limiting, The ideas 
Involved are well Illustrated by the !-f amplifier, Hriter arrangement for a 
frequency modulation recelver ay {llustrated In Figure 24-95. Each stage 
produces a relatively large gain cf the order of 30 db for small algnals, Thus 
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Fiours 24-95. Cascade pentode Simiter as used in FM receivers. 
& Very siiaii input produces an output sufficient to saturate the final tube, 
and a somewhat larger Input saturates both of the last two tubes. However, 
the output changes very little with additional input becauce the signal driv'ng 
th nal tube Is now limited and no further saturation {s possible. 

The limiting action results from rectification in the grid circults which 
Increases the bias and decreases the average plate current of the tubes as 
the signal Input increases. If R.. is propertly chosen with respect to the tube 
characteristics the plate supply voltage and the acreen dropping resistance, 
the cutput voltage {fs substantiaily constant for a least a 10;! ratlo of input 
voltages. The associated capacitance C, must be large enough to bypass R, 
and should produce with it a time constant (Reference 69) compatible with 
the bandwidth of the signals to be rece!ved. 

The bandwidth desired in the tuned interstage circults depends upon the 
application, In automatic frequency control systems, it js not critical and 
need be merely sufficient to pass all the frequencies of Interest. in receivers 
for frequency-modulated signals, the best signal-to-noise ratio is obtained if 
the bandwidth of these circuit. is barely sufficient to pass the desired signals. 


24.15 Superregencration 

Superregeneration is a term used to describe a form of signal reception 
which makes use of the exponential yrowth of an Inttlally small signal in a 
clrcult which has an effectively negative resistance, so that the logerithmie 
decrement is negetive. Because limiting and saturation occur very quickly 
ina negutive-resistance system, it is necessary to stop and restart the process 
at frequent intervals. The rate at which the starting process must be repeated 
is determined by the bandwidth of the signal to be received, Shannon (Refe- 
rence 70) has shown that all the information conveyed in # frequency band 
extending from zero to frequency / is preserved if the wave is saripled 
periodically at frequency 2/. For example, a speech channel having an upper 
frequency of 4 ke suffers no loss of fidelity if sampled at any rate greater than 
& ke, ; 
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The principa! virtues of superregeneration stem from the fact that a very 
large gain is provided by a single tube and « high and controllable degree of 
uelectivity is provided by a single tuned circult. While it is possible to ar- 
range matters so that a single tube produces the periodic sampling function 
az well aa the nega‘ive resistance, it {s rarely desirable to do so. 





Fiovazr 24-96. Superregenerasive amplifier. 


A superregenerative amplifier is Indicated in Figure 24-96. A triode is 
coupled tc an antenng snd provided with feedback such that oscillation will 
occur when the bias Is reduced below some threshcid value. The quench 
signal generator produces a voltage which is periodic and has en appropriate 
waveform. Other waveforms are preferable, as indicated later, but the square 
wave is useful and serves to illustrate the basic idea. 

During one-half cycle the tube ja nearly or completly cut off, and any 
transient oscillations rapidly die away. Thus at the end of a very short inter- 
val the only voltage In the grid circuit ie a measure of the antenna input 
signal, aa affected by the selectivity of the resonant circuit During the next 
half cycle the biaa is reduced and the plate current increases to a value such 
that regeneration is more than sufficient to overcome circuit losses. Now 
oscillations at the frequency of the tuned circult build up exponentially with 
time from the level Initially established by the antenna circult. 
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Froune 24-97. Exponential growth of signal development. 


The oasic action is shown in Figure 24-97 which plots the instantcneous 
levei of oscillation against time, using a logarithmic ordinate acale. It !s seen 
that the levei Increases by a very large amount (e.g. 100 db) in a relatively 
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short time (€.g., 50 usec). The crucial fact is that until nonlinearity due to 
saturation sets in, the voltage at the end of sume definite time period is 
(almost) proportional to the voltage waich existed when the circult was 
activated. The approximaticn involved stems from the fact that the input 
(antenne) signal not only affects the voltage at the moment of turn on, but 
effects the growth rate for the first few microseconds thereafter. 

At the end of the growth Interval (e.g., 50 usec), the oscillation level is 
sampled by a simple detector or other appropriate means and the oscillation 
is then damped out by turning off the tube. This action is shown in Figure 
24-98. It is clearly necessary that the positive damping coefdcient provided 
during the turn-off Interval is larger than the negative coefficient which exists 
Guring the yrowth period. Otherwise, the oscillations built up during one 
period persist or “hang over’ into the next and the desired action is lost. 
This undesirable circumstance is avoided by use of the special conductance 
variation shown at the foot of Figure 24-98. 
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Fiourg 24-98. Com ete cycle of operation. 


The voitage level from which the next train of oscillations bulid up is 
established during the perle designated “instruction” just prior to the 
moment of turn-on when the net conductance of the tuned circult is made 
negative. The Instruction Inierval is identified as the sampling period In 
terms of Information theory. 

Wheeler (Reference 71) has shown that the effective selectivity of a 
superregenerative amplifier can be controlled between wide limits by shaping 
the time-variation of conductance at the end of the !nstruction interval. ff, 
for example, the net conductance of the circuit is rade early zero for a 
relatively long time, the response is that of a single very high Q circult. 
Alternatively, a linear tiine variation of the conductance from a considerable 
positive to a considerable negative value produces a selectivity curve of the 
well-known gaussian (y == ae?" ) form. This ts a remarkable result in that 
the high skirt selectivity characteristic of the gaussian response is normally 
attained only by cascading a large number of tuned circults whereas It Is 
achieved here ina single cireult by shaping the pulse which controls the 
gain of the tube and thereby the effective negative conductance of the tuned 
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24.16 Locking in Oscillators 

The terms locking and synchronisation are used interchangeably to iden- 
tify situetions in which the frequency of an oscillator is controlled by the 
injection of a signal from some externa! source. In the simplest case, the 
frequency of the injected signal {a nearly equal to the signal at which the 
oscillator would operate !f undisturbed. When the difference between the 
input frequency and the free-running frequency becomes sufficiently small, 
ft suddenly drops to zero and the oscillator acts as a highly regenerative 
amplifier of the input. The output consists of a single frequency which is 
{identical with the input. That is, the output is Jocked to or synchronised with 
the Input. The cutput is nearly constant as the input frequency is varied 
through the range of synchronisation within which locking occurs, but the 
phase of the output with respect to the input varies through a range ap- 
proaching +:90°. 

Simple focking In a 1:1 frequency ratio occurs In all kinds of oscillators 
and at all frequencies where oscillation can be produced. In contrast, locking 
of a more complicated kind in which the Input differs from the free oscillation 
frequency occurs only in nonlinear oscillators. This /s not a serious practical 
Hmitation because most oacillators are quite nonilneer, 

Ordinary oscillators consist of some sort uf tuned circult or resonaior in 
combination with an electronic Gevice which produces sufficient amplification 
or negative resistance (7 overcome the Inherent losses. In certein microwave 
tubes, such as the backward-wave oscillator and the voltage-tuned magnetron, 
the tuning function is at least partially controlled by electron transit time. 
However, in ali cases, the stable amplitude equilibrium which characterizes 
the state of sustained osciliation is associated with nonlinearity and saturation 
in the electronic device. The nature and extent of the nonlinearity of a par- 
ticular oscillator governs the range of synchronization that 2 given signal will 
nroduce, but does not affect the nature of the phenomenon. 

It is relatively easy to see that synchronization should occur when the 
synchronizing signal has a frequency which Is half the free-running fre- 
quency of the oscillator, The Injected signal, acting on the nonlinearity of 
the electron device, produces g second harmonic which may be thought of as 
locking the frequency on a 1:1 basis, Evidently, this line of reasoning can 
be extended to include any situation where the oscillator frequency is a 
simple harmonic of the locking frequency. 

Locking also occurs when the synchronizing frequency is twice that of 
the oscillator, Perhaps the simplest way to view the situation is that the 
osciHator produces a substantial second-harmonic current which has the seme 
freauency as the injected signal and thereby produces locking. Additional 
lusitht is guined if we note that the difference of the osci}lator and input 
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frequency is equal to the oscillator frequency If and only If a two-to-one fre- 
quency ratio exists. Analysis based on this concept predicts locking and 
indicates the manner in which the phase varies as the input signal frequency 
is varied within the synchror!z'ng ra. se. 

Locking Is observed whenever the oscillator and Input frequencies are 
related in the ratlo of small whole numbers (such as 3:2). However, the 
range of synchronization {s relatively small, and the conditions for locking 
are too critical to be of much practical vaiue for any but the simplest fre- 
quency ratios. 

Locked oscillators have at least two important applications. In receivers 
for frequency modulated signais, they combine the functlons of emplification 
and limiting. In frequency synthesis systems, they sezve = filtering function 
to produce a relatively large sinusoidal signal with a frequency identical 
with some chosen component of a more complicated wave produced by 
muitipiication or moduiation from some basic frequency source, 


24.16.1 Range of Synchronization 

The frequency interval over which an oacillator can be synchronized de- 
pends upon the level of the synchronizing signal in comparison to the 
magnitude of the self-generated oscillation, and upon the rate of change of 
phase shift with respect to frequency in the resonator or other frequency 
governing circult. The essenticl facts of svnchronization of a feedback 
oscillator are shown in Figure 24-99. When the Injected signal has a frequency 





Frounz 24-99. Synchronization of an oscillator, (@) 
Block diagram. (6) Phasor dlasrem. 


exactly equal to the ‘tural frequency of the oscillator we see that v, is In 
phase with vy and vw», .nd that the angies 6 and ¢ are both zero. At other 
frequencies, the :cop phase shift 6 has a finite value and ecullibrium requizes 
that @ have a larger value. At any given frequency, 6 has a unique value 
characteristic of the system, and it Is clear that there is some minimum value 
of v,, corresponding to @ = 90°, which will produce synchronization. From 
this point of view It is clear that to secure synchronization over substantial 
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frequency Intervals with relatively weak signals it is desirable to make the 
ra.e of change of the loop phase shift 6 as small es possib’ . This is achieved 
(Reference 72) by lowering the Q of the circults invoive’ ‘ninim/ «ing stray 
capacitances to preserve adequate iinpedance levels, ad py using special 
circults which, (within the range of Interest, have abnormally small variation 
of phase shift. The fact that the relative magnitudes of v, and v, must change 
somewhat as 6 and ¢ vary, is identified with a smail change of the level of 
osciilation and the degree of saturation in the amplitude limiter which occurs 
as the synchronizing frequency !s varied. 
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Mechanically Tuned High-Power Oscillators 
and Amplifiers 


K. B. NELSON, P. W. CRAPUCHETTES 


Progress in the design of components for electronic countermeasures 
(ECM) has historically moved ahead In bursts followed by long pauses. In 
no other ECM component has this been more true than In the design of 
tubes for use in mechanically tuned oscillatois ard amplifiers. ECM haa Its 
beginnings with the design of systems around commercially available triodes, 
originally designed for fixed-frequency studio-transmitter link service. Newer 
systems were designed concurrently with new tube types—planar triodes, 
resnatrons and spilt-anode magnetrons, These systems were all operational 
in World War II. Toward the close of the war the ECM systems us!ng multl- 
cavity magnetrons were studied extensively and scientifically. Particular 
attention was pald to considerations determining jamming effectiveness. 
Thess studies continued in the period Immediately following World War Ii, 
culminating in the :veral magnetron systerns which currently provide the 
ECM capability of the Armed Forces. Because of its several desirable 
characteristics, the floating drift tube klystron was also extensively studied 
in this period. 

The mechanically tunable oscillator has tended to fall inte disrepute Jn 
an era of sophisticated radars having new antijam features, such as nsultl- 
plex, frequency diversily, and shaped pulses. The multiple task requirements 
tended to make brute force too large and too heavy. Lateiy, however, a new 
capability has come Into heing In the use of mechanically tuned oscillators. 
The use of Increased bandwidth barrage seli-noise or video-enhanced nolse 
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in mechanically tuned oscillators improves their usefulness against the more 
sophisticated radars. 


25.1 Summary of the Relative Operating Parameters of the Various 
Devices 

The relative merits and demerits of the tube types are described in the fol- 

lowing tables. Table 25-1 describes the present status and essential charac- 


Taare 25-1. Applicetion Comparieons of the Various Tubes 


Floatis 

Feature Triode Teirads Reinciron Splii-Anode Multicevity Drift Tube 

Magnetron Magnetron Klysiron 
Circuit tpik? tptké totk® lecher line internal (nternal 
Unit alee bulky bulky bulky bulky compact compact 
Accessories 6, 0 b,¢ ,@ d, @ 6, ¢ ¢ 
Tuning knobs at af af \v 1 iA 
Tuning ease fai? fair hard easy excelient good 
Tuning rate slow slow 0 slaw fast mediura 
Rellability good good fair 400d excellent lab. 
Life (he) 50-250 50-250 8-100 $0-250 3@- 1000 50U0 
Availability prod. prod, lab. pred, prod, lab. 
Amplification 

Capability yes yes yes no no no 

Usage bs, Obs, Obs. Obs. 99% lab. 


® Ground grid eircult, tuned plate and cathode normally used. 

» Filament schedule requized to compensate for back-heating. 

© Circuit not self-siable, use cathode self-blas. 

¢ Filament regulator required for long cathode ilte. 

* Magnetic field required, may be permanent magnet, 

* Two-cavity circults used with feedback end output circuits controlled by adjustable 
roliing cama to accept tube variations. 

* Loed vernier needs adjustment after large frequency change. 

A Voltage must be tracked by servo while tuning. 


teristics of ECM systems using the various types of mechanically tuned 
devices, it indicates that, excepting the magnetron, all the various mechani- 
cally tuned devices which have been in service are now obsolete. Obsoles- 
cence has been caused by the !ntroduction of tunable radars which impose a 
rapid tunability requirement upon ihe ECM system. Even the magnetron 
will be obsoleaced scon except for spot jamming of particular situations. The 
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Tastx 25-3, Equipment Usage by Varlous Tube Types 


Triodes AN/APT-S, “carpat-bag,” AN/APT-9 

Tetrodes Project Tuba, APT-1 & ? 

Split-anode magnetrena TDY, AN/APT-2 

Muliicavity magnetrons AN/XMBT-1 & 2, AN/MLQ-2 & 7, AN/ALi%i-2, 3, &, 


AN/ALQ-23, AN/APT-16 
Floating drift tube klystrona = Experimental 
Barratrons* Under consideration are AN/ALT-2, 6, AN/ALQ-23 


Borraires:* | a form of mechanically tuned seli-nolse generator which may 
offer some improve ent over the magnetron. 

Table 25-2 sets for’: the relative capability of the various tube types in 
their conventional cli § 7 us generators of microwave jamming energy. 
Table 25-3 lists some of tt ‘ole. equipments for which the various types 
of tubes were used. 


28.2 Multieavity Magnetrons in Mechanicelly Tuned Oscillators 
Single-dial control of frequency at rapid mechanical rates has made the 
multicavity magnetron the most popular of the mechanical ECM devices. 
Figures 23-1 and 25-2 Indicate typical production devices. The addition of 
e moving magnetic member to the moving tuning structure has made pos- 
alble wide tuning range (1.7:1 at P-band to 1.2:1 at X-band) while oper- 
ating at essentially constant voltage. A tetrode modulator in a series-shunt 
arrangement with the magnetron cathude not only provides modulation but 
serves to hold current constant as well, Auxillary circults are available and 
rellatle, Output coupling is fixed by the designer so that good performance 
ls obtalned over the desired band without sdjustnmient In the fleld. Hizh- 
quality tiolse is available from these high-efficlency devices because of .nelr 
unique non-linear nature. Following a brief summary of magnetron design 
practice, there will be several paragrap..s relating to the notmal and ab- 
normal characteristics of magnetrons plus further details of performance. 


25.2.1 Multleavity Magnetron Design Summary 

A magnetron fs a diode with an axial magnetic field parallel to the axis 
of the cathode and anode space. In multicavity magnetrons, the enade cylin- 
der is divided Into unliorm segments which are connected to resonant cir- 
cults that provide rf impedance, store energy, and regulate frequency. A 
physica: picture of the electron Interaction in magnetrona will materiatly 
ussint the user in assuring theiz proper operation. The extensive literature 


*'Trade mark regintered, 
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cyntighle ineinly deals with pulse maynetrons, which differ in only small 
deiail from the ECM magnetro:, largely in cathode design and output 
coupling circuits. References 1, 2, and 3 provide a very detailed picture of 
the electronics as well as excellent introductory material. Cathodes of ECM 
inagnetrous are Invariably fabricated cf refractory meiais, in order to sus- 
tal without damege the relatively large number of electrons which bom- 
barded it frum the electron stream. The cathodes must provide primary 
emission, whereas pulse-type magnetrons operate satisfactorily with second- 
ary emission, The structures must be rigid and aulted for operation under 
severe environmental conditions. 





Fio. 25-1. QK-496 260-watt CW magne- = Flu, 25-2, L-S110A magnetron, 200-watt 


tron, hydraulically tunable from 2350 to 
3000 Me. Position controlled by serve. 
Maximum tuning rate: 20 cps over any 


CW, tunable 2550-3600 Mc, showing scpa- 
rute tuner and bedy cooling circuits, Hy- 
draulle tuner is servo actuated at 20 cps 


200-Mc portlon of band. Body ls Hquid = muximum rate over 400-Me band. Courtesy 
cooled, Tuner is conductlon cooled (see Litton Industries. 
Figure 25-4). Courtesy Raytheon Manu- 

facturine Co, 


The output circuit of an ECM magnetron is generally more heavily coupled 
to the resonant circuit than in pulse tubes su that an adeauate nolse band- 
width can be obtalned (efficiency Is also increased), The tube Incorporates 
such combinations of transformers and discontinuities as are required to 
make coupling adjustment during operation unnecessary, The magnetic field 
required w provide the necessary synchronous velocity is readily provided 
by magnets which are permanently attached to the tube. Removal of the 
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magnets wil] destrov operation unless the magnets are remagnetized afier 
reassembly. To reduce size and welght and atray magnetic-fleld leakage, 
some magnetrons are packaged with bow! magnets. 


25.2.1.1 Interaction Space Dealan. The basis for much of the inter- 
action space theory for magnetrons wan laia by A. W. Hull (Reference 4), 
who Investigated the behavior of electrons in a cylindrical diode in the 
presence of an axial magnetic field. An electron leaving the cathode is acted 
upon by # racial force proportional to plate voltage and by a force acting at 
right angles to Its velocity whose magnitude is preportional to the velocity 
and the d-c axial magnetic field strength, B. This combination of forces 
causes the electrons to move across the Interaction space in quasicycloida! 
orbits. When the orbit just touches the anode, any further Increase in rmag- 
netic field will turn the electrons away from the anode and e cutoff condition 
exists, as given by equation 


2 
ore See || | ~(#) (25-1) 
8x1 Ve 


where r, anc r, are anode and cathode radii, respectively, and V.. is the 
voitage from anode to cathode at the d-c cutoff condition. 

Several alterations of structure were found to yield oscillation in the near- 
cutoff region. Further study showed that, ff the cylindrical anote were 
divided equally into an even number (4) of parts (see Sizire 2$-3), and 
sufteble impedances were introduced 
in consecutive arzay, then large signal 
oscillation would be observed. Cur- 
rent js drawn to the anodes under the 
combined Influence of the applied 
voltage and the rf volteye, even though 
the applied voliage is much less than 
the d-c cutoff value from Equation 
25-1. ‘The standing wave of voitage 
produced on the vane tips (which are 
of alternating polarity in normal op- 
erailon) can be separated into two 
oppositely traveling waves which must 
ea Pee Ba ice af ow LamaaciTen then be synchronous with the elec- 
showing vance and straps. Courtesy Litton ‘tons whose velocity Is determined 

industries, by the geometry and the impressed 
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fieldc. O. Bunneman, working in a group under Hartree (Reference 5), de- 
veloped the criterla determining the voltage which must be applied to a 
given geometry !f oscillations are to start, which [s given by 


ae te 5 a wmcr,* x 
Vo == Ae (ta ry(B tre 2 (25-2) 


in which A fs wavelength and V., is the voltage at which oscillations start 
provided that B is large enough so that no current will be drawn to the 
anode In the absence of osciliations. A further study of these two relations 
by D. A. Wilbur (Reference 6) has permitted deduction of the electronie 


efficiency by 
V 


ie | cee (25-3) 


The results agree we!! for low values of efficiency. When Vio/Voep is greater 
than 1.5, it has been found that a factor of 2 in the denominator yields bet- 
ter agreement with the data. 

Experience has dictated that the Interaction space design must concern 
Itself with two more parameters. The anode-to-cathode distance has been 
found to influence starting time, the dynamic impedance of the tube, and 
electron back-bombardment of the cathode. A reduction in apacing reduces 
all but the latter factor because of the greater projection of the anode fields 
toward the cathode. If the apacing is made too small, the magnetic-fleld re- 
quirement becomes uneconoraic and buck heating becomes destructive. 

The ratio of the vane thickness to gap between vanes determines the 
compusition of the flelds in the Interaction space alnce the magnitude of 
the various apace harmonics will be determined by this ratio. At a value of 
2:1 the fields are largely first har:nouic and thus provide the greatest field 
for interactlon per volt between vanes. The improvement in starting time 
which results is accompanied by a more uniform change In frequency due 
to Increase In space charge when the current Is increased. This In called 
frequency pushing. For further discussions of pushing, see Sections 25.7 und 
25.9, 

The three relations useful in magnetron design given above incorporate 
the variabies Voy, Vou, NV, A, Me) fe, fo, and B, which means taat the deslyner 
must draw on experience end, by successive approximation and selection of 
values for five of the variables and computation of the balance, determine a 
reasonable design. 


25.2.1.2 Tuning. In the earlier paragraph introducing the synchron- 
jam eriterla, the resonant frequency was described as a function of the induc: 
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tance and capacitance cf the anode. Any variation of these parameters will 
cause resonant frequency to change. Typlcal tuning structures which modify 
capacitance and Inductance are shown in Figures 25-4 and 25-5. Tuning 
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SUB - ASSEMBLIES 
Fic. 25-4. Subassemblies of QK-JO1A, Note par- Fio. 23-5, Tuning structure 
ticularly the cooling of the tuners by flexible for L-St10 magaetron. Top 
Copper straps, Note the use of insulated end part is moving pole olcce, 
shields to increase stability, Courtesy Raytheon next is capacitive tuner ring, 
Manufacturing Ce. then Inductive tuner. Tung- 


sten rods wiping on copper 

are used as line up bearings 

in the vacuum. Courtesy Lil- 

ton Indusines. 

capacitively is accomplished by Insertion of the smaller metallic member into 
the region of high & fleld near the tips of the vanes, effectively Increasing 
capacitance by so doing. Inductive tuning is accomplished by Inserting the 
lurger metallic member into a region of high H, where the tuner currents 
oppose the Incident fleld and force the field lincs out of the tuned region, thus 
reducing the inductance. Combinations of EZ and # tuners (sometimes called 
Land C tuners) with moving pele pleces can be used to greatly increase iun- 
ing range. ‘The moving pole plece js positioned and sk sed so that the proper 
variation in B as required by Equation 25-2 can u. ipproximated. Exact 
compensation ts difficult since the tuning curvo js essentially Jinear and the 
curve of 4 versus pole-piece position is hyperbolic. Over the usual tuntiug 
raages of magnetrons, this compensation is adequate and the resultant loss 
In the current regulating clrcult is minimized. 


25.2.1.8 Family Capabilities. The wide selection of operating para- 
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———— 
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* Llaceflity eaese Output configurations, Fiyure 25-6 shows part of # family 





Fic. 25-6. Portions of CW magnetron families Indicating output types. Fluld-cooled 
family, 200-watt CW; alr-cooled family 10O-watt CW. Courtesy Litton industries. 


of ten types of magnetrons which provide jamming from 350 to 10,500 Mc, 
The family operates from one power supply and provides good conversion 
efficiency throughout the range, along with small size and weight. 


25.2.1.4 Secondary Electronic Effects in the Interaction Space. 
References 1 and 3 include illustrations which show some Interesting de- 
talls of the electron transit in the Interaction space. Electrons leave the 
cathode uniformly over its surface. The action of the combined d-c and rf 
field tends to sort them into spokelike strearns moving outward toward the 
anode while traveling synchronously eround It. Some of the electrons ure 
rejected In this forming process and are returned to the cathode as the 
result of thelr having entered the space-charge cloud in an unfavorable 
phase. !n this clrcumstance the electron absorbs energy from the rf field and 
strikes the cathode with a velocity determiued by that energy, overheating 
the cathode, When the cathode Is close to the anode, the stream {Is more 
completely defined, encompassing a smaller phase angle and the number of 
rejected electrons and their energy increases. 
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The circulating cloud of electrons interacts with the tota! fleld in the inter- 
action space. The d-c field is uniformly present, but there are two com- 
ponents of traveling rf wave in the Interaction space, one having a radial 
direction vector and the othe: a tangential vector. ‘These rf fields are spatially 
separated by one-half the pitch between vanes, since the one is derived from 
the vane-to-cathode standing waves which are maximum under a vane, and 
the other is derived from the vane-to-vane voltage which Js a maximum in 
the space between vanes. Since the resonance criteria must be adhered to at 
all current levels, the Input voltage of the magnetron remains relatively con- 
stant at s!! values of current and the ef voltage Increasos only as the square 
root of current Input. Thus aa operating level is changed the ratio of the 
number of electrons to the magnitude of the rf fields is changed; end oacil- 
lations can continue only if the phase of the spoke of the bunch relative to 
the ri fleld changes. With a change In phase of the bunch relative to the 
spoke, there is a change in coupling to each of the traveling fields and thus 
reactive components of currents must be induced upon each wave component, 
Therefore the frequency of the magnetron is a function of current; and this 
phenomena Js called pushing. 

When the phase of the svoke is such as to be coupling a maximum of 
energy from the electron stream, any attempts to further Increase current 
cannot be supported by the net increase In rf field and the bunch collapses. 
This condition known as ssude shift can be separated from the other causes 
for eiectron inetability by suitable Instrumentation sinca the dynamic im- 
pedance of the tube remains continuous up to mode shift. In Figure 25-7a 
an osciiloscopic plate diagram shows this mode boundary. 

Mode shift can be induced by inadequate cathode emission. Because the 
supply of electrons .s not equal to the demand, the plate vultage Increases, 
curving upward, causing the velocity of the electrons to increase out of 
synchronisra, and the bunch collapses, as illustrated In Figure 25-76. 

Some coupling between resonators generally occurs In multicavity mag- 
netrons. The response of the coupled system as a function of frequency Is 
split up into V/2 modes cr resonances. To keep the separation in frequency 
of these modes great enough ‘se coupling fs generally made very tight 
through the use of the concentric rings called straps, which are connected to 
alternate vanes, as shown !n Figure 25-3, When, however, the resonance 
criteria of Equation 25-2 can be satisfied equa'ly well by the V/2 (#) mode 
and by the V/2 — 1 mode, the device will not slmultancously operate in 
both modes but will, In accordance with the Principle of Least Work, select 
thet mode which produces greatest entropy, always V/2 — 1, since it is not 
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symmetrical. When the tube shifts from # node because of competition, ihe 
operating conditions for the new mode (higher V,,, lower current) can be 
used tu determine cause. Diagnosis of the cause for mode shift can usually 
be mada If adequate tcit equipment fs available. 





(A) (B) 


Fico, 25-7. Plate diagrams (@) Mode shift; tube is being modulated at 60 eps to Illus- 
trate the phenomenon ¢» Is vertical; db ie horizontal, (6) Mode collapse due to lack vf 
emlasion, Note upward curl ut end of r mode trace. 


25.2.2 Operating Cha acterisiics of Multleavity Magnetrons 

The spectrum produced by an ECM magnetron {s a function of the design 
of the magnetrcn and the design of the modulation equipment, the output 
line and the antenna. The plate diagram of a magnetron is the equivalent of 
that of a biased-off diode, in whica the bias represents the start of oscilla- 
tlon voltage. Since a change In current produces a change In frequency, It is 
necessary that the magnetron current be stabilized, especially since any 
small change In supply voltage tends to produce & large change in current. 
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Tetrode current regulators have been found adequate for this funcilon and 
can also serve as the video modulator. ‘The upper modulation frequency is 
limited by anode Q and the capability of the modulation network. The rf 
bandwidt: is at least as great as the video bandwicth and may be Increased 
by pushing when modulated ot by puiling when the antenna Introduces a 
reflection of varying phase. 


25.2.2.1 Pushing. In the section on secondary effects in the inter- 
action space the phase of the space-charge wheel of spokes was shown to 
vary with anode current. Pushing, the change in operating Irequency pro- 
duced by a change in operating cvrrent in a specific way, usualiy Is 
measured from 25 to 100 percent cf rated peak current. The change in the 
number of electrons and the phase of the bunch produces an increase In 
frequency as current Increases. For particular cases of loading the sense 
sometimes reverses; the turn-around or point of zero slope of the pushing 


25.2.2.2 Pulling. The resonant frequency of an anode ls determ!ned 
by considering the effects of ali the impedances in the ancde circuit, When 
the load is reactive, {t contributes to the total circult reactance and thus 
causes freauency to be dependent on loading, both {n magnitude and phase. 
Pulling is that change in operating frequency which results when a 1.5:1 
mismatch is varied through all Its phases. One should observe that pushing 
is the frequency change caused from effects originating with'n the magnetron 
and pulling is caused from effects originating without the magnetron. 


25.2.2.53  Long-Lines Effects. When the magnetron Is coupied tc a 
load having some mismatch with the Ine Impedance, the length of the line 
and the magnitude of the mismatch working together can cause holes In the 
spectrum or nonoperating regions. The effect of the iine which Is # wave- 
jiengths long may be so phasee as to result In a negative pulling from the 
matched frequency. If the Hne is long enough so that » — Y% wavelengihs 
can he satisfied by an equal positive pulling shift, then the tube will operate 
at either of these points but never at Intermediate points, This phenomena 
has been extensively studied and reported on by J. F. Hull, G. Novick, and 
R. Cordray (Reference 7). The addition of s lord isolator "*ar the generator 
will minimize or eliminate this problem. The paper by Hul, cé af, can be used 
to determine the one-way Insertion loss required for hole-free operation with 
a line of any length and any attenuation. 


23.2.2.4 Thermal Drift. Since the magnetron tuners are in general 
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supported and positioned by a long series of metallic members, the ultimate 
position of the tuner under varying amblent conditions is variable. Proper 
cooling of the tuner parts and support will minimize the shift In frequency. 
The magnitude cf the shift is a function of the individual design and the 
change in ambient temperature. 


25.2.2.8 Tunability. The basic magnetron design has been utilized 
in systems with various tuner uctuators. Ultimate rates of tuning are limited 
by Inertia In the tuning elements themselves or In the drive mechanism 
(deformation of thé parts results from excessive force), When direct revers- 
ing drive systems are used motor Inertia is the limiting factor. When a dif- 
ferential shaft driven by two oppositeiy rotating motors is used to actuate 
a acrew thread, and the servo emplifier has anticipation circuits, almost any 
characteristic can be obtained. The most successful system to date utliizes 
& servo-actuated valve controlling flow to a hydraullc tuner motor. Per- 
formance of existing systems and the ultimate capability of the various 
mechanisms are readily compared in Table 25-4. 


TABLE 25-4, Tunabiiliy Characteristics 


Present Rate Fearlble Rata 
Tuner type 
Screw threads, driven by reversible motor 100 (Mc/sec*) 100 (Mc/sec*) 
Screw threada, driven by differential shaft 250 2,000 
from two counterrotating motors 
Hydraulle, electronic servo-actuated 5,000 100,000 


25.3 Barratrone® 

The self-noise-generating tubes which can be video modulated to enhance 
thelr alrendy wide rf and video spectrum has been announced, and Initial 
field tests are now underway. This crossed-fleld de.ice consists of a mag- 
netroniike anode surrounding an asymmetric cathode. To obtain wide band- 
width, it Is very heavily loaded. 

The Barratron* may be usable with minor refit of the apparatus in those 
systems now using magnetrons. The tuning range currently available in 
Barratrons* is approximately half that obtained from a magnetron operating 
at the same frequency. Due to the very low Q of the anode, a very good load 
isolator must be used If long-lines effects (Reference 7) (holes) are to be 
avoided. 


*Trade mark registered. 
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Measurements of performance are currently being made. Table 25-2 sum- 
marizes current data. Self-modulation bandwicth {s about 2 percent, and 
external video modulation can increase this to § percent. Figure 28-8 shows 
the upectrum of an S-bend tube. Very low frequency and very high fre- 
quency video has been measured in the AM detected output of the tube. 
Fiewu : 25-9 showa the output of a 2-cycle bandwidth receiver tuned to the 
10-cycle video output. Figure 25-10 shows the video output of a 1-Mc band- 
width recelver, and Figure 25-11 shows how the density of the photo varies 
with amplitude of the signal. These all have very nolselike characteristics. 
Scanty field-teat data show that the high peak-to-average power indicated by 


a 








(A) (B) 
Fic. 35-8. S-band Barratron (trade mark registered). (c) Self-rcise spectrum. Scale: 
SO Mc per division. (6) Video-modulated spectrum. 





Fw. 25-9. Narrowband (2 cps) study of the video output at 10 cps, show!ng otatic- 
tleal character. 





Fio, 28-10. Detected vicco oulput from a 1-Mc portion of the Barratron in Figure 
25-84. 
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Figure 25-11 has been able io break lock on tracking radars at surprisingly 
low values of power in the recelver bandwidth. 





Fro. 25-11. Density of oscilloscope Might output vs. vertical position through the trace. 


25.3.1 Future Poselbilities of Mechanically Tuned Crossed-Fleld 
Oscillators 
While the advent of the Barratron* may extend the era of their utility, 
the long-range future of the mechanically tuned croased-field oscillators Is 
not bright. Tuning rates can probably be increased, but cannot hope to keep 
up with pulse-to-pulse frequency-agile diversity radars. The only hope Is 
that honest barrage capability can be achieved by placing a number of noise 
spectra of Barratrons® side by side, thus barraging a wide frequency band. 
The high efficlency and light weight of these devices promise to continue 
their usefulness indefinitely. 


25.4 Kiystrons 

The microwave tube requirements of countermeasures systems have led 
to the development of some new types of kliystrons and the application of 
more standard types. While the present trend arrears to be toward voltage- 
tunable devices for transmitters and for local oscillators of recelvers, the 


*Trade mark registered. 





25-16 ELECTRONIC COUNTERMEASURES 


klystron nevertheless has some characteristics which have been useful for 
both of these functions. 


25.4.1 Cheracterlatice of Kiyctrons 

As a microwave transmitter the klystron is distinguished as having the 
highest power capability of any type tube. Other characteristics, such as 
gain, tuning, modulation, efficiency, and load sensitivity, are pertinent to the 
various kinds of tubes. In actual countermeasures uses, the emphasis has 
been on oscillators, particularly the “floating drift tube” klystron. 


28.4.2 Prineinles of Kiyatran Qneration 

The theory of the klystron has been developed with a g «i dicgree of com- 
pleteness for a microwave tube, and an extensive literature *s.allable. For 
the reader Interested In using the tubes, the treatments in bb 7 & Ub as 
Harrison (Reference 8), Beck (Keferesice 9), Warneke and Guenard (Ref- 
erence 10), and Spangenberg (Reference !1) give a good outline of the sub- 
ject, and references to original scurces. A brief elementary discussion is given 
here as an Intreduction to the particular types of klystrons useful in counter: 
measures. 

Basically, the klystron is an energy transducer operating by veiocity 
modulation of an electron beam, It is distinguished from other beam devices 
by the use of resonant cavities as circuit elements to couple energy Into and 
out of the beam, To illustrate the action, Figure 25-12 shows the simplest 
klystron, a bazic two-cavity amplifier. 

In most klystrons, the electrons move in a roughly cylindrical beam, in 
the axial direction. The beam originates from a thermionic cathode, typically 
the concave surface of a spherical cup. The electrons are drawn toward an 
anode which Js shaped to create a racial electric field, similar to that between 
two concentric amhares, In thia way, the electrons converge along radii of the 
cathode sphere to form a beam smaller ‘n diameter than the emitting cathode. 
By making this “electron gun” highly convergent, the emission density re- 
quired of the cathode for a given beam current is reduced, and the Hfe pro- 
longed, 

In low-powered tubes, the anode is sometimes made as a grid which the 
beam goes through. In high-powered tubes a grid would be melted hy the 
energy of electrons intercepted un the mesh, sv the anode simply contains a 
hole through which the beam penetraies Into the rf section of the klystron. 

The cathode-anode region of the klystron constitutes a spherical diode in 
which the current flow is governed by the famillar space-charge conditions. 
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Fio, 25-12, Schemetle klyatron amplifier. She basic two-cavity amplifier ls the almpleast 
klystron. Gridless cavities and magnetically focused cylindrical beam are typleal of 
power klyatrons, 


where /, is the beam current, V, is the beam voltage, and the constant 4, a 
function of the geometrical arrangement of electrodes, is the perveance. A 
theoretical solution for the potential and current flow in a spherical diode was 
derived by Langmulr and Blodgett (Reference 12), giving the perveance as 
a function of thu redii of curvature of the anode and the cathode. 

In a practical electron gun, only a conical sector of the sphere can be 
used. Outside thig sector there {s no current, ao the space potential would 
be different from that inside the beam where space-charge is present. Pierce 
(References 13 and 14) has shown how focus electrodes beyond the beam 
edges may be shaped to produce a potentlal distribution matching that of 
the space charge at the beam edge so that all the ciectrons in the beam ace 
only radial electric field and follow proper radial paths. For a spherical 
sector, the perveance js then the area fraction of that of a complete aphere. 
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In high-power gridless klystrons, perveance values sre usually in the range 
from 0.5 &K 10°* to 2.0 *K 10° amp/valt®’*, In low-power tubes where the 
hole in the anode is covered with a grid, the anode can be much clover to 
the cathode, and perveances as high as 10 & 10°® may be used. 

If it is desired to amplitude modulate the klystron output, the diode elec- 
tron gun may be converted to a triode by adding a control grid as shown 
in Figure 25-12, The grid is aiso spherical, and controle the emission as In 
any triode. To avold distortion of the electron optics, the grid should have a 
fine mesh, hence the triode has a high amplification factor and the er!d must 
run positive with respect to the cathcde. 

The electron beam, on entering the hole fs anode, enters = region 
which the only electrostatic field Is the space-char je repulsior, between elec- 
trons. The beam tends to spread out. However, the beam enters this region 
with a converging motion from the spherical cathode, so the resultant shape 
is convergent down to a minimum diameter point, after which it diverges 
again; and [If no other fcrces wie ixiroduced it will expand indefinitely. 

The power klystren iliustrated In Figure 25-12 uses a magnetic field to 
keer the beam focused In a cylindrical outline. At the point where it reaches 
minimum diameter under the Influence of the electrostetic and space-charge 
forces, It enters a miagnetic field directed along the beam axis. This field 
terminates on an Iran pole plece, the beam entering through a hole in the 
pole piece. In the hole, the magnetic flux lines diverge radially to enter the 
fron, and all electrons which are not on the axis cross the flux lines and 
experience a force causing them to rotate about the axis, Proceeding Into the 
region of uniform field, the rotational velocity cutting the axial field produces 
an inward force, There Is a particuler value of magnetic field for which the 
force exactly balances the combinrtior ‘ mechanical centrifugal force and 
space charge repulsion. Then the bsa:.. sya at the same diameter In a con- 
dition known as “Rrillouln Flow,” des ved by the equation: 


hale im the amanda antave a vsantan in 


B zz 8.31 «& 10°4 1,8 V4 a-? 


where B is the magnetic flux density in webers/m* and a is the beam radius 
in meters. 

Interaction of the electron beam with the rf signal occurs as the beam 
traverses a gap in the metal tube surrounding it. The first gap crossed is a 
“buncher" gap. In it, an rf voltage across the gap aiternately apeeds up and 
glows down the electrons as the fleld alternates In direction. The transit 
time across the gap is considerably less than an rf cycle, so that during the 
time that any one electron takes to cross the gap, che fleld does not chanye 
much, The rf voltage across the gap is small compared to the beam voltage, 
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and under these conditions the additional kinetic energy imparted to elec- 
trons which are accelerated In the gap {s equalized by energy absorbed from 
decelerated electrons. Thus ts a first approximation, no rf energy is absorbed 
from the cavity in creating the velocity modulation. A second-order effect 
due to finite transit time does cause some energy to be used in the bunching 
process. 

The Input signal to the klystron is fed into the buncher cavity, usually 
through a coupling Iris. The resonant cevity acts aes an impedance trans- 
former, matching the signal from a low impedance source, such as a trans- 
mission line, to the beam. As pointed out above, the resistive load!ng on the 
cavity due to bunching the beam is amali, 20 the impedance step-up or loaded 
Q of the cavity {s high. 

The mechanism of amplification in the kiyatrcn is by the conversion of 
velocity modulation to current modulation in the beam. As the beam trav- 
erses the buncher gap, !t acquircs velocity medulation. Then It enters a fleld- 
free hollow tube, known as a “drift tube.” In this region, the faster electrons 
catch up with the slower ones. Consider a reference electron which crosses 
the buncher gap at an instant when the rf voltage is zero and changing from 
decelerating to accelerating. Another electron crossing the gap just before 
the reference is slowed down so that our reference particle catches it in the 
drift tube. An electron crossing after the reference is speeded up so Kt 
catches up with the rest. It is seen that this “reference” electron forms the 
center of a bunch. By the same process, en eleciron crossing the buncher 
gap when the fleld {s zero but changing from accelerating tu decelerating, 
finds its neighbors drifting away {rom [t and becomes the center of a region 
of the beam where the charge density {s low. An obsezver traveling down 
the beam with the average electron velocity would see the bunches becoming 
more dense, reaching a maximum concentration, and then dispersing. As 
viewed from a stationary point in the drift tube, the passing bunches of 
electronic charge represent an alternating current component superposed on 
the average d-c becm current. 

Mathematicaily, the a-c component of beam current is given by: 


4, sz 215,(6 V1/V,) 


where /, is the amplitude of the fundamental) component of rf current 
6 is the time, in radians of the drive frequency, of drifting at the average 
beam velocity 
V, Is the amplitude of the input rf voltage producing vetocity modula- 
tion 
This current reaches a maximum value of 1.167, when 6V,/V, = 1.84, 
giving an rms current of 0.82/,. 
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At the polnt along the drift tube where the rf current is maximum, the 
beam croases the gap of another resonant cavity, the output cavity. Since the 
lines of force from the electronic charges must end in induced charges on the 
drift-tube walls, the Induced charge must be traneferred from one side of the 
gap to the other as the electrons crosr. This motion of the induced charge 
constitutes a driving current in the resonant cavity. The cavity is coupled 
to the usefui load through ean output transmission Hne, the coupilng being 
adjusted so that the resonant Impedance of the cavity matches the source 
impedance of the electron beam for optimum energy transfer, The phase of 
the cavity voltage adjusts itself so that the bunches of electrons cross the 
gap when ihe cieciric feid is in a direction to decelerate the electrons. Thus 
encrgy is transferred from kinetic energy of electrons into circuit energy. The 
average velocity of the beam electrons is thereby decreased. 

After passing through the output cavity, the electron beam I[s of no further 
use, It emerges from the focusing magnetic field and is spread apart by the 
space-charge repuision between electrons. The beam enters a hollow ‘‘col- 
lector” and Is intercepted on the walls. The residual kinetic energy converted 
to heat on the collector wails represents most of the power dizsipation in the 
klystron. 

At this polnt, it may be well to pein? out some reasons for tae high power 
capabilities of klystrons, If the tube operates Ideally, no electrons strike any 
part of the structure except the collector. The rf circuits, whose size is detsr- 
mined by the frequency, do not have to dissipate any power except the 
circulating current losses. Since the collector {s not part of the rf circuits, it 
can be made aa large as needed. 

In the same vein, the klystron cathode !s also not a part of the rf circuit. 
This means there is no extraneous heating by «lectron bombardment or 
circulating currents. Alsc, since the electron beam converges after leaving 
the cathode, the alze of the cathode and hence Its emission capabilities are 
Hmited only by the cleverness of the designer. 


25.4.3 The Floating Drift Tube Oectilator 

For the generation of large amounts of rf power In jamming transmitters, 
tunabie oscillators have offered a fairly convenient method. ‘There are several 
disadvantages to a free-running oscillator, such as frequency pulling by mis- 
matched antennas and pushing by voltage variations. On the other hand, the 
ability to set frequency rapidly by tuning a single circult makes the oscillator 
attractive. 

The kiysiron amplither described above may be converted Into an oacillator 
by feeding part of the output power back Into the Input cavity in the proper 
phase. The result is a “two-cavity” oscillator, which may be tuned by tuning 
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the individual cavities. To simplify tuning, the two cavities may be combined 
into a single cavity with two rf Interaction gaps. The floating drift tube 
oscillator (Reference 15), illu-trated In Figure 25-13, ls the type which has 
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Fro. 28-13. Floating drift tube oscillator. A single cavity with two gaps give strong 
feedback jor the vecillator. The resonant mode illustrated was used ir ECM oscillators. 


been most used In countermeasures. Here the electric field in the cavity is 
concentrated In the two gaps by a conducting drift tube between them. ‘The 
cavity is excited in its fundamental mode, In which the electric field in the 
two gaps is in phase and in the same direction. Ideally, the drift tube could 
really ‘float’? with no electrical connection to the outside cavity. In practical 
tubes, {: is supported by an arm from the cavity wall—the arm belng posi- 
tloned on the electric field neutral plane of the cavity so that circulating cur- 
renis along it are minimized. 

The clectronic Interaction In the floating drift tube oscillator is exactly 
the same aa that of the klystron amplifier. However, the fact that both geps 
are part of the same resonant cavity adds the additlunal restraint that the 
gap fields are in phase. 

As described above, the bunch of electrona Is formed about a reference 
electron which crosses the first gap when the field {s zero and becoming 
accelerating. To convert the beam energy In ths output gap, the bunch of 
electrons should cross the gap when the field is at {ts maximum deccierating 
vaiue. One can see from this relation that the transit time between gaps 
should be 4 of a cycle, or 134, 234 cycles, etc. In most of the practical 
tubes which have been built, the 134 cycle mode is used, since this cor- 
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responda most closely to the optimum transit angle fur a high-power &ily- 
stron. 

The floating drift tube oscillatcr can be amplitude modulated by using a 
contro] grid te vary the beam current. Also, frequency modulation can be 
produced by varying the beam voltage about its optimum value. This causes 
the electron bunches to crose the output gap before or after the Instant of 
maximum retarding voltage. The indvod current has a quadrature com- 
ponent out of phase with the cavity voltage, which pulls the frequency away 
from {ts normal reaonence. In this respect the frequency modulation action 
ls the same as that in the familiar refiex kivatron oscillator. When AM and 
FM can he generated simultaneously and with independent modulations, the 
oaciilator givias strractive features for jamming tranamitters. 

Th tuning the cecillater, two adjustments are made. The resonant frequency 
of the cavity is changed by a mechanical motion. Also, since the transit 
angle betweer gaps must be censtant, and the velocity of the electron beam 
is proportional to the square root of the voltage, the beam voltage must be 
varied aa the square of the frequency. 


25.4.4 Practical Floating Drift Tuhe Klystrons 


25.4.4.1 The V-Z2, 500-Watt X-Band Oscillator (SECRET). 
The most highly developed fioating drift tube osciliator that has been bullt 
in the Varian Assoclates Model V-22. Figure 25-14 shows a photograph of 





Fi, 28-14. Photograph of V-22. $00-watt  Fio. 25-18. Cross section of V-22, showing 
oaciilator using permanent-magnet focusing, ‘mportant parts of the oscillator, Mechani- 
SEC fT cxl details are omitted, C-shaped magnets 

de not aho’. In thls aection, SECRET, 
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the device. This tube was developed under an Air Force prime contract with 
W. L. Maxson Company as the transmitter in an X-band airborne jsinmer. 
For this service it was des!rable to cover a wide frequency range w'in as ‘ew 
tubes as possible without sacrificing performance. Two models of the tube 
were  ullt, each covering 1.2:1 range with a single tuning ccatroj. To give a 
Clearer idea of the practical realization of this kind of a cubs, Figure 28-15 
shows the essentials of the construction. The cathode is a concave button of 
thoriated tungsten, heated by being bombarded f:om ‘ae rear by electrons 
from a crude “primary” electron gun. This n:cthod of heating Is neceasary 
because the emitting temperature of thoriated tuagsten Is so high that heat- a 
ing by thermal radiation from a filament wil! not work—-the filament would yu 
melt. Around the cathode is a tantelura focusing electrode to define the beam, 
and directly In front of it is the tur.gstei mesh control grid. 

The beam converges to 1% of its Initial diameter and is magnetically 
focused through the cavity. in this tube, the focus is provided by a permanent 
magnet, with steel pole oieccs which are a part of the vaci'um envelope. 

The resonant cavity Jtself contains the “floating” drift tube supported on a 
a cop; er post througa which cooling water circulates. For tuning, the cavity “ 
is constructed asx a section of waveguide of weird shape. One end is short- | 
circuited ead the other terminates in a choke-type plunger. The entire 
cavity. inciuding sliding bearings for plunger allgnment, is evacuated. For 
tuning, che plunger js moved by deferming a flexible metal bellows. 

Tae collector is an enlarged hollow “bucket” surrounded by cooling wats 
channels, In this high-power device, it is necessary to cool practically e“ery- 
thing, including the tuning plungers. 

The output power Is coupled, through an Inductive iris In thecavity wall, 
into the waveguide. In the waveguide is a frequency-serzitive impedance 
transformer. This is designed to transform a flat linz“into the proper load 
for the vacillator at any frequency In the band. Ir this case the load varies 
considerably. As pointed out above, the besy% voltage must vary as the 
square of the frequency. It is generally desiwAble to maintain constant power, 
so the beam current is made inversely csfuportional to the voltage. 
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matched waveguide J:npedance to get the variation with frequency can be- 
come difficult whea large t-sning ranges are Involved. In the V-22 it is done 
with e frequency-sensi*ive transformer consisting of a section of low-im- 
pedance waveguide djacent to the coupling fris. 

The output window has always been one of the critical {tems of high- 
power microwave tubes. The V-22 was designed before ceramic-to-metel 
sealing tcchniques had reached thelr present state of reliability, so the out- 
put “indow {3 a thin sheet of mica, sealed across the waveguide with a low- 
melting glass as sealing cement. The dielectric losses In the mica are quite 
small, and the glass is in a recesscd groove where it !s not exposed to very 
high electric fields, so the mica windows have been succeraful {mn operation. 


Operating Characteristics of the V-22. The jamming transmitter 
for the V-22 used an amplitude-modulated signal. The modulation was 
white noise with a bandwidth of 10 Mc. This was applied to the kly- 
stron grid as an alternating voltage with time-average cf zero, which was 
superposed on a d-c bias. The resulting beam-current modulation governs 
the rf output of the oscillator, as Mlustrated In Figure 25-16. The foot 
of this curve, or “starting current,” represents the value where the nega- 
tive conductance of the electron 
beam (for small signals) exceeds 
the external load conductance as 
transformed by the cavity. The 
starting current is thus a function 
of the load VSWR. Now In apply- 
ing the nolse modulation it {s highiy 
desirable that the negative modula- 
tlon peaks do not drive the beam 
current below “starting current.” If 
this happens, the signal contains a 

a ee base-line upon which a radar oulse, 

Fra, 25-16. Amplitude-modulatlon charac- for example, is superposed and can 

terlatie, V-22, The relation of oscillator be read. ‘This being the case, the 

output to instantaneous beam current den peak modulation amplitude was 

functlon of the load conductance. Curves chosen small enough so that the 

wre labeled with load conductance vulues, oscillator was not driven below 

SECRET. 

starting current for the worst pre- 

dicted load match, (Recent developments In high-power {solators can remove 
this variable and permit better performance.) 
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A condensation of the important characteristics of the V-22 follows: 


Power Output (average) S00 watts 

Power Output (modulation peaks) 1000 watts 

Beam Voltage 7-10 kv 

Beam Current (average) 400 ma 

Grid Bilas +23 volts 

Grid Modulation Voltage +25 volts peak-to-peak 
Bandwidth 20 Me 

Tuning Ranges 7.5-9.1 kMe 


9,1-11.0 kMe 


Fleure 28-17 shows typical! variation with frequency of the power output, 


beam voltage, and tuner setting for the low-frequency V-232. 
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Operating frequency (hilemegacycles) V-22, Nolse spectrum 
obtained by 10-Me 
Fin, 25-17. Power ys. frequency, V-22. white nolse on the grid, 
Beam current fe held constant eat 0.40 Frequency markers are 
emp. Beam voltage is optimum value, +10 Me from the car- 
propertlonal to f4, SECRET. rler, SECRET 


The nolse spectrum produced by beam-current moctulation turns out to 
be not pure AM, but contains some frequency pushing also. Figure 25-18 
shows output spectra at the low and high ends of the tunlang range, showing 
carrier suppression. The marker lines ure at +10 Mc from tke carrler. 

This osciliator was mechanically tuned by a metor drive with a servo 
circult for frequency setting, The speed was auch that ‘he transmitter could 
be tuned acrosa its range in 10 seconds. The voltage con -ol potentiometers 
for beam voltage and grid bias were ganged te the main tuning control for 
automatic operation. 


25.4.4.2 The V-71, 5 KW, X-Band Oscillator. A higher-powered 
floating drift tube klystron was developed fi 1954 by Varian Associates 
for the Evans Signal Laboratory, snc was Intended for ground-based Jam- 
ming. This wag the V-71, rated at 5 kw CW output. A photograph of the 








25-26 ELECTRONIC COUNTERMEASURES 


kiyatren is shown Sn Figure 25-19. The dlgh-nower tube did not reach the 
product refinement stage of the 500-watt V-22, but since it introduced some 





Fido, 25-59, Photograph of V-71. This 5-kw tube used an electromagnet (not shown). 
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Fio. 25-20. Heart of the V-71. A almplified mechanical layout of the 5-kw oselilator. 


new features and represented the farthest development of the klystron 
power oscillator, it is worth describing. 

Figure 25-20 shows a simplified cross-section of the heart of the tube. It 
is in many respects a “big brother” version of the V-22, but with some Im- 
pcrtant differences. It covers the X-band from 7.5 to 10.5 kMc In one tube 
instead of two. To achieve this tuning range, it was necessary to use two 


DAA LE TTT ARDS SLA TE LAI Ha LED a ATG LAE IIT | ECL OP AEE ETE, IOI ITE TI EAL BREDA NEEDED EE, SETTER. I I. a STR ARR ea IT SUT AP SAREE CD —_—_—_—_— TC aN lel {SR Be 








25-28 ELECTRONIC COUNTERMEASURES 


choke plungers, one at each end of the waveguide cavity. In this way the 
two shorts are moved in and out together, so that the gaps are always at the 
central high-impedance point of the cavity. The exper!mental tubes were 
built with Independent tuner controls, but since exact synchronism is not 
necessary they could easily be ganged. 

As explained in the previous section, the velocity of the electrons between 
gaps must be varied proportional to the frequency as the tube is tuned. 
With s 1.4:1 frequency range, the effective beam voltage variation kas to be 
2:1 to maintain the same transit angle. If this were done directly, with the 
Inverse variation in beam current to keep conatant power, the d-c impedance 
would vary by 4:1. This difficulty was eliminated in the V-71 by having the 
drift tube insuiaied for d-c from the reat of the tube body. The drift tube {s 
mechanically supported on an insulated pest. The capacities of the two gaps 
in the resonant cavity are made equal so that no net current {s Induced in 
the support post. Also, the post enters the cavity through an rf choke section 
for Isolation, A blas voltage (negative to ground) is applied to the “floating” 
drift tube to regulate the effective potential within It (with respect to the 
cathode), which determines the electron velocity. Thus the main power-sup- 
ply voltage and current from cathede to ground are not varied with fre- 
quency. A diagram of the power supply and modulation inputs to the klystron 
is shown in Figure 25-21, 

By applying a video modulating 


te voltage to the drift tube, the electron 
A ten o _ tr velocity and hence the phase angle of 
as "4 
Ls teltc: taken tbr, oat! wos the rf current im the output gap Is 
raha HS! ae pe T+ I+) aueaae modulated, The effect ts exactly analo- 





wage a, | a gous to modulating the beam voltage 

on VT tcf Tee ee in a conventional floating drift tube 

7 pee é oscillator or the reflector voltage in a 

Sea wo) reflex kiystron-—-the varying phase an- 
oe FE fom | gle of the rf beam current pushes the 
~~ Le | oscillator frequency away from the 


normal cavity resonance and produces 
Fri, 28-21, Power auppliica for floating frequency modulation, Since the deift 
drift tube oscillator, Amplitude and fre- tube draws very little current, the 
quency modulation are applied Independ- dynamic modulation Impedance Ix high, 
ently, Transit angle is controlled by the making It easy to 4s : 
ipply F 0 
drift-tube bias voltage. . y tO epply FM wo te 
oscillator, 
Amplitude modulation is produced by modulating the beam current with 
the control grid, Since the amplitude and frequency modulations are largely 
independent, various combinations may be used. 
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The operating characteristics of the V-7!1 are: 


Power Output (CW) 5 kw 
Tuning Range 7.8-10.3 kMe 
Beam Voltage 17.5 kv 
Beam Current 3.0 amp 
Drift Tube Bias 10,0-3.0 ky 
Bandwidth 20 Me 


Modulation Senaltivity (FM) ? Me/kv 
Grid Modulation Voltage (AM) +20 volts peak-to-poak 


25.4.5 Evaiuation of Klystrons 

The career of klystron oscillator jammers was short, starting from the 
need for high-power high-frequency tunable transmitters and ending with 
frequency agility radar techniques and voltage-tunable jemmers. 

Possible future development might Iie in the very high power field, where 
the klystron amplifier has great capability. At power levels above 1 Mw the 
modern atagger-tuned klystron rivals the traveling-wave amplifiers in elec- 
tronic bandwidth (12 percent achieved In one case), Saturated efficiency of 
40 percent ia typical. With the stability and high gain of the klystron ampll- 
fier, the over-all system efficiency can approach this number. 
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G-Lype Microwave Tubes 


D. A. WATKINS, C. B. CRUMLY 


26.1 Introduction 

‘The practical development of microwave technology was made possible 
by the Invention and development of the magnetron and klystron tubes, 
which made svailable large amounts of power In the microwave range, that 
is, from about 1,000 to 30,000 megacycles per second. With the advent of 
traveling-wave tubes, the two chief shortcomings of the former tubes, namely, 
their narrow bandwidth and slow tuning capabilities, were largely overcome. 
Thus, the door was opened to a new class of applications in which operation 
over a very broad band of frequencies, and essentially instantaneous tuning, 
are important properties. 

The field of electronic countermeasures is perhaps the best example of a 
class of applications In which these unique features of traveling-wave devices 
can be put to good use. An amplifier which can simultaneously receive sig- 
nals within a two-to-one band of the spectrum makes possible a new class 
of receiving systems, An oscillator capable of changing its frequency over a 
wide range in a few micrcseconds can be the baals of a sophisticated jam- 
ming system. It is because of these two inherent properties of traveling- 
wave devices, broad bandwidth and voltage tuning, that their applicability 
in electronic countermeasures systems Js so firmly established. In this chap- 
ter and the next, the basic kinds of traveling-wave devices, their principles 
of operation, and their important characteristics will be discussed. 

Inasmuch as it would be virtually impossible to give complete acknowledg- 
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ment to the many workers responsible for the development of the technology 
in this chapter, a bibllography of typical and Informative materle! has been 
prepared, and appears at the end. It has been arranged by subjects, in order 
to faciiitate the search for more detailed information on a particular matter 
of {nterest to the reader. 


26.2 Traveling-Wave Devices 

Traveling-wave devices make use of a gain or Interaction mechanism be- 
tween an electron beam and traveling electromagnetic wave. In contrast, 
klystrons and magnetrons depend upon s/anding waves to produce the high- 
freyuency fields with which the beam Interacts. Further, the interaction 
process in a traveling-wave device is distributed in space, rather than being 
localized as in the klystro:, Since standing waves imply repeated reflections 
back and forth on a microwave circult, strong fields require resonant cir- 
cults, and standing-wave devices are inherently narrow in bandwidth, On 
the other hand, traveling waves can be produced on nonresenant, broad- 
band cizcults, and consequently, traveling-wave devices can operate over 
extremely broad bandwidths, Since the fields preduced by nonresonant clr- 
culta are generally much smaller than those cf resonant clzcults, a atronger 
Interaction process Is required to give a similar effect. This condition {fs satis- 
fied by the distributed nature of traveling-wave Interaction, in which the 
gain mechanism !s continuous and cumulative throughout the entire region 
of the circuit. 

Traveling-wave devices are classified according to the nature cf the {nter- 
action process between the beam and the wave, In O-Type tubes, the effective 
r-f electric field produced by the traveiing wave is parallel to the direction of 
motion of the beam of electrons, and produces a slowing-down of the aver- 
age velocity of the d-c beam. The wave is amplified by the exchange o/ 
energy from the beam to the wave, and this energy comes from the Initial 
d-c Adnetic energy of the electrons. Generally, the beam Is constrained to 
move In a stralght line along the axis of the r-f structure by a strong mag- 
netic field or other focusing arrangement, There is no d-c electric field 
present In the interaction space. 

M-Type tubes, or crossed-field devices, operate on a different interaction 
process which depends, noi on a aiowlng-down of the beam’s motion in the 
direction of wave prepagation but upon abstraction of energy from e@ trans- 
verse dec electric field by transverse motion of the electrons, The r-i field 
produced by the travellng wave has components both paratlel and perpen- 
dicular to the motion of the beam which are effective; In addition a d-c 
electric fleid {is produced transversely, across the beam, by suitable elec- 
trodes, The r-f field, Instead of slowing down the beam, causes It to move In 
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u sideowise direction toward the more-pocltive electrode. The average speed 
of the beam remains essentially unchanged; the potential energy of the beam 
is converted into r-f energy of the wave, which is therefore amplified. In 
order to keep the beam moving along the axis of the tube, deapite the stroi.g 
transverse d-c electric field, a magnetic field, perpendicular to both the tube 
exis and the electric fleld, is required. 

(it should be noted that, while the above description applies to a Unear 
M-Type tube, it makes no essential difference whether the “tube axis” is a 
atraight line, or ls wrapped wp into « circle.) 

The “voltage-tunea magnetron” ig usuelly classed as 2 third type of micro- 
wave tube, although the mechanism of operation is essentiaily that of an 
M-Type tube. The VTM Is an cecillator formed by wrepping an M-Type 
tube Into « circle, end closing both the circuit and the beam upon them- 
selves. ‘The resulting device is an oscillator capable of voltage-tuning over 
an extremely wide range In frequency. 

A summary of the clsesifcations of miciawave traveling-wave devices is 
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Fiounx 26-1 Schematic drawings of O-Type and M-Type tubes 


given in Figure 26-1. Thig chapter will be concerned with the three kinds of 
O-Type tubes shown: (1) the forward-wave amplifier (FWA) In which the 
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r-f power flow on the helix cr otker circuit is in the same direction as the 
fiow of electrons; (2) the backward-wave amp.ifer (BWA) In which the 
direction of r-f power flow Is reversed relative to the beam travel; (3) the 
back ‘ard-wave oscillator (BWO) which is the same as the BWA, except 
operated at high enough curren! so that an output is obtained without any 
input. The M-Type tubes will be taken up in the next chapter. 


26.8 The Traveling-Wave Amplifier 

The traveling-wave tube is a device which produces amplification of a 
signal traveling along a circult, by means of distributed Interaction with a 
beam of electrons moving parallel to the circult. The essential features of 
such a tube are illustrated in Figure 26-2, and consist of a slow-wave cir- 





Frovax 26-2 A traveling-wave emplifier, showing the essential elements 


cult, an electron gun and focusing system, and an attenuator, together with 
traneducere for coupling the signal into and out of the circuit. 

The slow-wave structure functions to retard the phase velocity of the sig- 
na] wave to a value substantially less than the velocity of light, so that ap- 
proximate synchronism can be obtained between the signal wave and the 
electron beam, for reasonable beam accelerating voltages. In addition, the 
circuit must be such that the signal wave produces an r-f electric fieid 
parallel to the direction of beam metion, at least in the reglon occupled by 
the beam. 

Under the proper conditions of near synchronism, the electrons then Inter- 
act continuously with the wave over a considerable distance, resulting in a 
conversion of the beam kinetic energy Into signal energy on the circuit. It is 
thus possible to obtain very high amplification of the signal wave. Further, 
since the slow-wave structure can be inherently a nonresonant circuit, in 
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which the phase velocity is relatively independent of the signal frequency, 
this amplification can be obtained over an extremely broad band of frequen- 
cles, with no mechanical or electrical adjustments whetever. 


26.8.1 Mechanism of Operation 

For a helical slow-wave structure, if the frequency is not too low, the r-f 
wave travels essentially along the wire at the velocity of Nght, so that the 
component of its velocity along the axis of the helix is reduced by a factor 
closely approximating the ratio of helix pitch to hellx circumference. Further, 
if the frequency is net too high, this wave produces a strong electric fiald on 
the axis of the helix, which is parallel to this axis. Thus, if a beam of elec- 
trons is iujected along the axis of the helix, with a velocity which Is nearly 
synchronous with that of the axial field, the electrons will be subjected to 
slowly varying accelerating and decelerating forces. An interaction takes 
place Letween the electrons and the field, which, on the average, can cause 

the electrons to give up energy to the field. 
This interaction process, which results in amplification of the signal wave, 
can be understood by reference to Figure «6-3. Here it is assumed that a 
Aavol ogtew fala cvanen test signal wave of constant amplitude 
— {s impressed on the helix, which 
results in a distribution of electric 
field on the axis as Indicated by 
the curve in Figure 26-3a. (If the 





fs oat -_ observer moves aiong with the 
rs ie wave, the field distribution shown 

Silt ig _m will remain stationary.) The polar- 
shaeiet cabs ~~ Itles are s0 chosen (hat a positive 

field accelerates the electrons; and 

if the direction of travel is taken 

‘ to the right, then a positive field 

eevisent weve produces motion to the right, nega- 


tive to the left. Consider that, near 

Fioune 26-3 Diagram illustrating the bunch- phe Input end of the tube, a uni- 
Ing procesa In a traveling-wave amplifier form distribution of electrons hes 
been Injecied Into this field. Electrons which are at positions labeled 2 and 
S are in zero field, and hence tend te remain where they are. Electrons 3 
and 4 find themselvea in an accelerating field, and thus begin to move to the 
right, toward position §. Electrons | and 6 are in a decelerating field, and 
begin to move to the left. The effect of the electric fleld is then to produce 
a velocity modulation on the beam, in such a manner that bunches of elec- 
trons begin to form at positions such aa §. Similarly, an “antl-bunch”, or 4 
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deficlency of electrons, will form at positions such as 2. Thie velocity modu- 
lation and bunching process continues to take place aiong the entire tube, 
and is a cumulative process. That is, the longer the beam Is subjected to the 
field, the tighter the bunches grow. 

As tne cireult wave is affecting the beam as described above, the bunched 
beam is simultaneously affecting the circuit. A bunched beam, traveling nea. 
a circuit of this type, will induce a wave on the circuit which, In turn, will 
produce an electric field on the axis. The phase of this induced wave is such 
that the position of the bunch coincides with the point of maximum deceler- 
ating force, as indicated in Figure 26-3c. The Induced wave then lags the 
original signal wave by a quarter wavelength. This Induced wave !s com- 
bined with the signal wave to produce the resultant wave in Figure 26-3d, 
which has moved back in phase somewhat, with respect to the bunch. The 
electrons In the bunch therefore see a retarding field, and are slowed down, 
delivering energy to the wave on the hellx. The velocity modulation and 
bunching processes continue to take place, even as the bunched beam con- 
tinues to convert Its kinetic energy to circult-wave energy, and hence the 
wave on the circu!t grows in amplitude as beam and wave move down the 
tube. The bunching becomes more complete; since the induced wave grows 
in amplitude, the resultant wave falls farther behind the bunch, and the 
bunch therefore sees wu stronger retarding field. Thus, a large and Increasing 
amount of energy is delivered to the wave on the helix, which rapidly be- 
comes much larger than the original signal. Analysis shows that the wave 
on the helix eventually Increases exponentially with distance, and large 
power amplifications can easily be attained, 30 to 60 decibels being typical. 


26.3.2 Slow-Wave Structures 

The slow-wave structure for an O-Type traveling-wave tube must satisfy 
two basic requirements. First, it must produce an *xlal electric field at the 
position of the beam' and second, the phase velocity of the wave producing 
this field must be smaller than the velocity of light. There exist many classes 
of structures which satisfy these requirements, and are thus potential cir- 
cults for traveling-wave devices. 

The most common structure used in amplifiers Is the hellx, which not only 
satisfies the above requirements, but does so over an enormous range of fre- 
quencies, Thus, helix-type amplifiers can typically be built to amplify over 
& two-to-one range with +3 decibel variation in gain, and even higher ratios 
are practiceble. 

The mosi serious limitation of the helix is its relatively low power-handling 
capacity. A slow-wave circuit must be able to withstand both the heat gen- 
erated by uhmic losses due to the signal Itself, and also the dissipation due 
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to any beam interception which may occur from imperfect focusing. All 
attempts to incraase the power-dissipating ability of the hellx have met with 
success only at the expense of some other desirable property, generally its 
bandwidth. 

Some alternative atructures are shown 
in Figure 26-4, The disc-lornded wave- 
guide is one of the simplest slow-wave 
structurea which has excellent power- 
handiing ability, but it is a dispersive 
circult, tha ja, the wave velocity vazies 
with frequency. Therefore, the frequency 
range over which near-synchronism be- 
tween the beam and wave Js obtained 
will be smaller than for a helix, and 
hence the bandwidth Is smaller. The 
other structures shown are iypical of 
high-power pulsed traveling-wave ampli- 
fiers, anc represent refinementa designed 
to raise the cissipation ability and yet 
maintain as wide a bandwidth aa pos- 
sible. 


26.3.3 Attenuators 
Since the slow-wave circuit can carry 
a signal in elther direction, a traveling- 
wave amplifier has a bullt-in feedback 
path if end matches are not perfect. In 
order tu stabilize such an amplifier, soine 
means must be provided to prevent the 
large output signal from reaching the 
as. input. This ts accomplished by loading 
teens oa Cia the slow-wave structure with an at- 
‘enuator made of some lossy material at 
Fiouak 26-4 Some slow-wave siruc- a point reasonably close to the input end 
tures thet can be used in traveling- of the tube, The attenuation of a wave 
wars Bs traveling toward the Input must exceed 
the net forward gain of the tube to prevent oscillation; and usually exceeds the 
gain by 20 to 30 decibels or so, in order to prevent regenerative “wiggles” in the 
gain versus frequency curve. If the attenuator ix bilateral, i{ will affect the 
wave traveling toward the output in the same way as the reflected wave, and 
hence the galn Js reduced, However, since the bunched beam ta not directly 
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affected by the attenuater, the reduction in gain is less than 6 decibels, for 
a sectlon In which tie attenuation Is Infinite. It is therefore possible to obtain 
substantial gain, with good stability. 

In low-power tubes, the attenuator commonly takes the form of a coauug 
of colloidal graphite (Aquadag) brushed or sprayed on the glass envel:,e or 
on ceramic rods used to support the helix. In medium-power tubes, cow:)ud- 
helix attenuators are often wound of lossy wire which are then placed over 
the outside of the tube envelope. Special impregnated-ceremic materials gre 
being developed for high-power tubes. 

The placement and distribution of the attenuator has a critical effect on 
the efficiency of high-power tubes. It has been found thet « relatively short 
length of attenuation placed near (but not at) the input gives the optimum 
efficiency. The output section of the circuit should be as neariy loss-free as 
posalble. 

it is also important to provide a smooth transition into the attenuator, so 
that the circult waves will be absorbed without appreciable reflection. Other- 
wise, feedback oacillations may occur in the sections of the tube outside the 
attenuator, 

A TWT with a properly-applied attenuator is esecntlally a stable untiateral 
amplifier, with high gain in one direction, and high Joss !n the opposite direc- 
tion. 


26.3.4 Guna and Focusing 

The electron guns used In TWTs are generally high-current, low-voltage 
sources. For this reason, space-charge effects usually determine the Hmits on 
whet kinds of beams can be produced and maintained. In additiun, because 
of the nature of the interaction process, beams with large ratios of length to 
cross section are required. Thus, some method of focusing is essential, to 
prevent the beam {rom spreading apart under the Influence of its space- 
charge forces. 

In early versions, [TWTs were Immersed in strong axial magnetic fields, 
which constrained the beam to move along a straight line. In that case, a 
parallel-flow Plerce-type electron gun could produce the desired beam, aa 
illustrated in Figure 26-Sa. The situation where the magnetic field threads 
the cathode Is called ‘confined flow’, since the electrons are confined to 
atraightline paths from emission to collection. The requirement for a strong 
magnetic field Implies the ueed for a solenoid enclosing the tube and its cap- 
au'e, Since the weight, bulkiness, and power loss of a solenoid Is objectionable 
in many epplications, a good deal of effort has gone into the development of 
other methods of beam focusing. 

A substantial reduction in the magnet requirements can be obtalned by 
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» Shielding the gun from the field, which 
causes the beam to spin slightly as it enters 
the interaction region of the tube. In this 
condition. the beam is sald to be “magneti- 
cally focused”, in Brillouin flow”. A distinct 
advantage of this situation is that the gun 
is no longer in a strong magnetic field, and 
a converging geometry can be used, as in 
Figure 26-5b. Thus, the current density that 
can be obtained in the beam is higher than 
for confined flow. This focusing method Is 

* almost universally used in high-power solld- 

beam devices. 

In low-power tubes, the solenoid can be 
completely eliminated by the use of perma- 
nen’, magnets or electrostatic fields. The most 
common scheme in use of T'VTs, employs 

oa disc-shaped permanent magnets which pre- 
eee ene duce a perlodically-alternating axis) field. 

by This system, shown in Figure 26-6, has been 

Fiovur 26-5 Plarea-type electron guns ss cesscully applied to tubes producing up to 
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Frouaz 26-6 Perindic-magnetic focusing system 


about a watt of output power, roughly from S-band to X-band. 

It is possible to produce a uniform field In the region of the beam by the 
use of a properly-shaped permanent magnet, and reasonably light weights 
can be attained at S-band and above. 

At frequencies beiuw about one kilomegacycle, hollow beams are generally 
used, for reasons having to do with practical limits on the length of the tube 
(see Section 24.5). Other than confined flow, which requires very large 
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»,  @hielding the gun from the field, which 
causes the beam to spin slightly as it enters 
the ‘ateraction region of the tube. In this 
condition, the beam is sald to be “magnetl- 
cally focused”’, in “Brillouin flow”. A distinct 
advantage of this situation is that the gun 
is no longer {n @ strong magnetic field, and 
a converging geometry can be used, as In 
Figure 26-5b, Thus, the current density that 
can be obtained [In the beam is higher than 
for confined flow. This fecusing method !s 
“x? almoat universally used in high-power solid- 
- beam devices. 

In low-power tubes, the solenoid can be 
completely eliminated by the use of perrna- 
nent magnets or electrostatic fields. The most 
commor scheme in use of TWTs, employe 

% disc-shaped permanent magnets which pro- 
Convergent New, shield gun duce a perlodically-alternating axial field. 
This system, shown in Figure 26-6, has veen 
successfully applied to tubes producing up to 
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about a watt of output power, roughly from S-band to X-band. 

It is possible to produce a uniform field in the region of the beam by the 
use of a properly-shaped permanent magnet, and reasonably Hight weights 
can be attairied at S-band and above. 

At frequencies below about one kilomegacycle, hollow beams are generally 
used, for reasons having to do with practical limits on the length of the tube 
(see Section 26.5). Other than confined flow, which requires very large 
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solenoids at these frequencies, the most promising focusing methods turn 
out to be primarily electrostatic. Development of lightweight focusing systems 
for hollow beams has not reached 2 state comnarable to that for zolid beams, 
but some of the more promising avenues include: combinations of periodic 
electrostatic fields and a unlform (radial) field; periodic fields both inside 
and outside the beam; uniform radial field acting on a spinning beam; and 
periodic magnetic fields in combination with uniform or periodic electric 
fields. 

The electron guns used in TWTss are generally cf the Pierce type, ehown 
in Figure 26-5, nonconverging or convergent, depending on the focusing 
method used. The perveance of these guns {s limited, approaching about 
2x10°¢ for solid beams. Other types are available, such as the Miller gun or 
the Hell gun, shown In Figure 26-7, when semewhat higher perveances are 
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required. In all cases, the alm {a to control the beam trajectory in the gun, 
by e balancing cf space-charge forces, accomplished by beam-forming elec- 
trodes. 


26.3.5 Bandwidth and Gain 

The amplificaticn process in traveling-wave devices is Inierently non- 
resonant, and as # result, ampilfcstion can be obtained over very witle 
bandwidths. The principai factors which cause the gain to vary with fre- 
quency are: (1) variation in the velocity of the wave on the circuit with 
which the beam interacts; (2) variation !n the effective length of the tube, 
in wavelengths; (3) variation in the strength of the axial electric fiei:! at 
the position of the beam; (4) variationa of the {mpedance match at the 
input and output transducers, and at ‘he attenuator. 

The helix circult (Section 26.3.2) is particularly sulted to achleving wide- 
band operation. The wave velocity on a helix is relatively independent of 
frequency over a wide range. Furthermore, the strength of the axial field 
decreases in such a way, with Increasing frequency, that this factor tends to 
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compensate for the increasing number of wavelengths along the tube. Thus, 
the design parameters can be chosen so that the gain versus frequency curve 
reaches a vcry broad peak near the center of the operating band. Another 
iinportant consideration is the ease with which helices can be fabricated. 
Finally, it is possible to obtain an excellent Impedavc ‘natch to a helix over 
a large frequency range. A typical curve of gain versus frequency for a 
helix-type tube is shown In Figure 26-8, 





Frequeney (have) 


Fiovar 26-8 Typical curve cf amplification 
of a traveling-wave tube as a furction of 
frequency 
The small-signal gain of a traveling-wave amplifier depends in a compl!- 
cated way cn a number of parameters, Including the length of the circult, 
the beam voltage and current, the helix Interaction Impedance, and circult 
attenuation, Typically, stable gains of from 30 to 60 decibels can be 
achieved in a single tube. 


26.3.6 Nonlinearities 

A typical curve of output power versus Input power for a TWT is shown 
in Figure 26-9, The characteristic is linear up to a point approximately alx 
decibels below maximum output, then begins to saturate, reaches a maxi- 
mum, and then drops off as the Input continues to Increase. If operation fs 
well below saturation the tube behaves ey a Hnear amplifier with negtigible 
nonlinear effects. As the Input aignal level is raised, however, the bunching 
of the beam becomes nonsinusoldal, and some important nonlinear effects 
begin to take place. 

Limiting. If only one signal is present, the most important nonlinear effect 
is a compression, or limiting, as indicated by the input-output curve. At the 
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point of maximum output, a rela- 
tively large variation in the input 
power (abuut 10 db) causes only a 
small variation in the output (about 
2 db). If the signal to be empilfied 
contains amplitude modulation, this 
modulation will be compressed or 
largely removed when the tube is 
operated near saturation. At the 
saturation point, distortion of the 
moduiation signal js large. This Iim- 
iting property can be emphasized 
by proper design, if desired, to ob- 
Typlsdl sitoraiton earve tain a much broader saturation 

of dutput paver curve. A drawback of such traveling- 

ace ieee wave limiters is the relatively large 

of input power amount of phase distortion en- 

countered in the region of saturation. 

Harmonics. In the saturation region, the bunched beain contains harmoaics 
uf the fundamental signal frequency. If these harmonics lle within the pass- 
band of the tube, they can be coupled ou‘, and will appear in the output. 
Generally, the double-frequency component {s the cniv harmonic of practical 
importance. 

Mixing. When two or more signals are present simuitaneously, one of 
which is strong enough to drive the tube into the saturation region, inter- 
modulation products or beat-frequency components are produced, as in any 
nonlinear device. The outputs obtained at the beat frequencies depend not 
only on the strengths of the beating signals and the curvature of the char- 
acteriétic, but elso on the gain of the traveling-wave tube at the beat fre- 
quencies. The efficiency of the output transducer also enters In here. It {s 
possible to build traveling-wave mixers which emphasize these effects, and 
put out essentially full saturated power et a selected beat frequency. 

Frequency Conversion. A traveling-wave amplifier can be made to oscil- 
late by the use of Internal or external feedback, and the leve! of the output 
is determined by the saturation characteristic. If a small signal at another 
frequency is Introduced into the tube, a beat will be formed by mixing with 
the large oscillation signal, producing an output. This process is not essen- 
tially different from mixing, except that the local oscillator signal is sup- 
plied by the traveling-wave tube Itself, 

Signa’ Suppression, When two large signals are present siimultancously, 
the nonlinear effects are more complex. The interaction between the two f{re- 
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quencies is such that the output at exch frequency is jess than that which 
would be obtained if only one of the signals were present. In fact, the total 
output for doth signals is generally iess than the sum of the outputs for 
each separately. The practical result is that the effective gain for one fixed 
input is decreased wher. another signal is introduced, if both are in the 
saturation region. A typical curve showing this effect is given in Figure 
26-10. Here, the input nower P, at frequency /, remains constant at a value 
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Fiourg 26-10 Two-signal response of a traveling-wave amplifier 


corresponding to an cutput 3 db below saturation. Input power P, at /y Is 
varied frorn zero up to saturation, and Is plotted as the abscissa. The two 
output powers Q, and Qy at /, and f/y are shown as the ordinate. Alsu shown 
(dotted) is the saturation curve for signal 2 alone (P; == 0). It can be seen 
that the sigral at frequency /; is suppressed more and more aa the other 
signal Incréases. 


26.3.7 Power Tubes 

Large amounts of c-w power can be obtained from traveling-wave tubes 
with reasonable efficiencies, over relatively large bandwidths. The primary 
limitation on the output power of a TWT is the diss!pation ability of the 
circult, which is relatively low In the case of the broadband helly Larger 
output powers can be obtained, then, elther by going to another kind of 
circult, which Invariably reduces the bandwidth, or by reducing the averuge 
dissipation by golug to pulsed operation, or both. 

The efficiency of a TWT, which Js defined as the ratio of maximum out- 
put-signal power to beam power, depends critically upon several design 
parameters. Efficiencies as high as 50 percent have been achieved, with 
values from about 10 to 38 percent being typical for practical tubes. 
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Continuous-wave output powers obtalnable in traveling-wave tubes range 
up to about 200 watts at S-band, with commercially-available tubes pres- 
ently in the range of 1 to 100 watts. At X-band, tubes are at present avail- 
able at the 100-watt level. 

Under pulsed conditions, output powers up to a megawatt at S-band have 
deen obtained In a commercial tube. 


26.3.8 Low-Nolse Receiving Tubes 

The noise output of beam-type devices ordinarily originates at the heated 
cathode, where electrons ere emitted with a random diatribution of velocities. 
Special techniques nave evolved to reduce the amount of nolse which origi- 
nates In traveling-wave tubes, and it has been possible to obtain very low 
noise figures by careful attention to the design of the gun and accelerating 
regions of the tube. 

Although the factors which determine the lower limit to the noise figury: 
attainable In beam-type microwave tubes are not yet completely understoou, 
it has been found that the condition of the cathode surface is of some !m- 
portance to low-nolse performance. Thus, careful fabrication, construction 
and processing of the tube are essential, as well as proper design of the 
accelersting-notential profile and interaction region of the tube, In opera- 
tlon, the nolse figure of a given tube depends on the proper sdjustment of 
cathode temperature, electrode voitages, and the alignment of the tube in 
the focusing field. 

At present, commercial tubes are available at S-band whose nolse figures 
are as low as 2 to 3 decibels, with gains about 25 decibels, and outputs near 
one milliwatt. At X-band, the noise figure is about 5 uecthels, with lower 
values having been measured in the laboratory. 


26.3.9 Modulation and Control 

Amplitude or phase modulation can be produced in a traveling-wave am- 
plifier by appropriate variations cf the beam current or beam voltage. This 
property makes possible a number of attractive master-vscillator power- 
amplifier applications, in which the desired modulation of the signal can be 
accomplishec, without the usual difficulties which arise when an oscillator is 
modulated directly. 

Amplitude modulation results when the beam current Is varied, usually by 
mess of a control grid ‘n the gun, while a constant signal is apptled at the 
input. Incidental phase modulation is also produced In this case, and thus 
the method may be limited to those applications where the r-f phase js 
relatively unimportant. 

Phase modulation occurs when the helix voltage changes. because of the 
change in the velocity of the beara, anc therefore, the number of wave- 





O-TYPE MICROWAVE TUBES 26-15 


lengths on the tube. Since the gain of the tube depends rather critically on 
synchronism between che wave and the beam, the helix voltage can be 
changed only by a = ‘ll amount before incidental amplitude modulation 
becomes serious. In a typical traveling-wave tube, a , ‘ase deviation of 
about 360 degrees can be obtained, with only a few decibels change in the 
output level; this is for a helix-voltage change of 50 volts. 

While the phase deviation may be limited to about 360 degrees, an un- 
limited deviation can be effectively simulated by applying a sawtooth wave- 
form to the helix, such that the 360 degrees shift is continuously repeated. 
The TWT operated in this mode |s called a serrodyne. The effect ia to add or 
subtract one full cycle of the r-f signal during each period of the sawtooth, 
and thus the frequency of the output signal is shifted with respect to the 
Input frequency, the amount of the shifi belng equal to the frequency of 
the sawtooth. Under ideal conditions, when the peak voltage change on the 
helix is exactly that which produces 360 degrees phace shift, and the flyback 
time of the sawtooth is sero, the spectral content of the output consists 
purely of the shifted signal. In a practical case, the shifted signal can be 
made more than ten decibels greater than any other component. The ser- 
rodyne finds application in doppler simulation, single-sideband generation, 
and wideband frequency modulation, among others. 

A wide variety of combinations of amplitude and phase modulation is 
possible with a TWT, which allows the synthesis of practically any kind of 
microwavs spectral distribution within the bandwidth limitations of the tube 
and its modulating electrodes. For example, balanced, or suppressed-carrier 
modulaticn cen be accomplished by amplitude-modulating with a full-wave- 
rectified signal, and simultaneously reversing the phase w'th a square-wave 
version of the signal applied to the helix. See Figure 26-11. 

Thus, the traveling-wave smplifier is an extremely flexible device for pro- 
ducing a wide range of different kinds of microwave signals, and is capable 
of accomplishing this over a large frequency range without need for any 
mechanical tuning adjustments. 

In certaln applications, the transient response of a TWT is of importance. 
Although the transient behavior is quite complex in such a distributed- 
interactlon device, some general statements about the rise times and delays 
can be made. First, the delay times for forward-wave amplifiers are of the 
order of magnitude of the time required for the algnal to travel down the 
slow-wave structure, which In turn fs approximately the same as the beam 
transit time. 

If the signal input is pulsed cn while the beam remains on, the rise time 
of the cutput signal depends on the steady-state bandwidth characteristics 
of the tube: for broadband, nondispersive tubes, the output rise time is very 
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Fiourne 26-11 Synthesls of a suppressed-carrier 
weveform by simultaneous amplitude and phase 
modulation of a traveling-weve amplifier 





small, of the order cf one or two cycles of the r-f signal; for narrow-band 
dispersive tuber, the rise time Is larger by perhaps an order of magnitude, 
depending on the detalla of the steady-state response and the tube para- 
meters. In a typical dispersive tube, the rise time is about equal to the beam 
tranait time. 

When a continuous signal is applied to the Input, and the beam is pulsed 
on, several simultaneous phenomena take place, which again depend on the 
candvidth characteristicn of the tube. Rise times typical of S-band iubes 
are from perhaps 15 to 50 millimicroseconds. A pulse 1 beam tends to excite 
video-frequency responzes on the circult, and if the input and output coup- 
lers are not well matched at video frequencies (as is usually the case} the 
cireult wil! “ring”, producing an oscillatory distortion on the r-f output 
envelope. This effect will be minimized In a tube intended for pulsed-heam 
operation; otherwise, these transients can persist for several hundred mil- 
limicroseconds. In a typical tube Intended for pulse modulation of S-band 
signals, the rise time is 20 musec and the deluy about the same. 


26.4 Backward-Wave Oscillators and Amplifiers 

Backward-wave devices are similar in many respects to the traveling- 
wave amplifier discussed above. The Interaction process takes place between 
the electron beam and a slow wave on the citcult which travels parallel to 
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the beam and exerts longitudinal forces on ‘the electrons, Bunching of the 
beam takes place, and the kinetic energy of the beam is converted Into a-c 
power on the circult. However, in contrast with the traveling-wave ampil- 
fier, the backward-wave tube (s Inhereitiy regenerative. The difference ‘s 
due to the fact that the beam interacts with a bschwerd wave, that is, a 
wave with oppnsitely-directed phase and group velocities. To obtain Interac- 
tion the electron velocity must be synchronized with the pAase velocity of a 
wave on the circult, and the result is that the direction of the flow of r-f 
energy on the circuit is opposite te that of the electrons, resulting in a built- 
in feedback mechanism. 

An important property of backward waves is that the phase velocity is a 
atrongly-varying function of frequency; f.e., backward waves are inherently 
dispersive. A direct result is that, for a given beam velocity, Interactlon can 
take place only over # narrow band of frequencies, and, for fairly weak 
interaction, the device acts as a narrow-band regenerative amplifier. Since 
the frequency at which this Interaction takes place depends on the clection 
velocity, the amplifier can be continuously tuned by changing the beam volt- 
age. For stronger Interaction (more beam current), the internal feedback 
mechanism causes the device to break into osciliation at a frequency again 
determined by the beam velocity. Thus, the backward-wave tube has the 
unusual property of being voltage-tuned. From the standpoint of counter- 
mecsures applications, this js 2 most important feature, since it makes pus- 
sible rapid tuning of microwave osciilators and amplifiers, thus opening the 
door to a new class cf systems based on rapid tunability over broad band- 
widths. 


26.4.1 Mechanism of Operation 
The operation of backward-wave tubes can be understood by considering 
a simple structure on which a backward 
wave can propagate, such as the folded 
transmission line shown in Figure 26-12. 
This structure can be viewed as a strip 
line or a waveguide, winding beck und 
forth upon itself, with a series of holes 
through which the electron beam can uass. 
For a TE mode on the guide, the electric 
field will then be directed along the line 
of motion of the beam at the points where 
the beam crosses the guide, and thus 
Fiovar 26-42 Folded-line circuit for & the beam “sees” longitudinal accelerating 
peck ward wie, tule and decelerating fields, separated by drift 





regions in which there are nc fields. 
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Assuming a wave exists on the structure, and is traveling from right to 


left, we can determine the effect of this wave on the electrons as they on- 
counter the fields at the successive gaps. Figure 26-i3a shows the situation 
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Fiovas 26-13 Diagram Itlustrating the Interaction process in a Leckward-wave tube 


at the first gap at the Instant when the electric field is zero, and going ac- 
celerating. (The arrows indicate the direction of the force on an electron.) 
At this Instant, « reference electron | passes through the g<p, experiencing 
no force. An earlier electron 2 had encountered a decelerating field, and had 
been slowed down; a later electron 3 will encounter an accelerating field, 
and be speeded up. Thus, velocity modulation cecurs at this gap, just as in 
a klystron gap. It can be seen that both 2 and 3 will move toward 1, and 
thus electron |, our reference, will be in the center of a bunch, 

Next, consider the situation when cur reference electron reaches the 
second gap. This occura at a time 7, = d/o seconds later, where uo is the 
electron velocity, and d@ in ita path length between gaps. If, during this same 
time, the wave on the structure travels with such e speed that the ex? zero 
just arrives at the second gap, then the reference electron will see exactly 
the same field at gap 2 as it saw at gap J, fe., zero field, going accelerating. 
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In order to do this, the wave must travel just ZL meters short cf a half wave- 
length, or A»/2 — L meters. If the wave velocity on the line Is c, the time 
required to travel this distance is Ay/2¢c — L/c seconds. Actually, thie velocity 
{s adjusted so that the reference electron arrives at the second gup slightly 
before the sero of ficid arrives, so that it encounters a slight deceleration. 
This situation Is illustrated In Figure 26-i5b. The time, Af, by which the 
electron ‘beats’ the zero of fizid to the second gap is 


Ab =z [Ag/2e ~~ L/e] — T, = 1/2f — L/e — d/uy 


As this situation {s repeated from gap to gep, the bunch around the refer- 
ence electron continues to become more compact; It elsc slows down, giving 
up energy to the circult wave, as long as it continues to see a decelerating 
field at each gap. This last condition can be satisfied by adjustirg the veloc- 
{ty such that, after passing through m gaps, the bunch Js still within a half 
cycle of the zero of field. That is, »Z\é ia approximately one-half of the 
perlod of the r-f wave. Under those conditions, the electron bunches en- 
counter strong decelerating fields over the entire length of the tube, and as 
maximum of the beam energy {[s convefted Into wave energy on the circuit. 
The frequency at which this strong interaction takes place can be found by 
setting nAé equal toa half period of the wave, or: 


1/2f am wn At = 9/2f — nL/c — nd/ty. 
Solving for the frequency /, 


L = 1/% 


| 2 jé fdg | 


This {a the basic relation for the frequency of a backwurd-wave tube using 
the Interdigital-line circuit, in terms of the dimensions and the beam velocity. 

As the beam loses energy to the wave, the wave tends to grow in ampll- 
tucle. But, alnce the backward wave, with which the beam is Interacting, car- 
ries power in a direction opposite to the motion of the beans, the effect is for 
the wave to grow towards the gun end of the tube. This causes even stronger 
bunching, and the result Js a bullt-in feedback of a regenerative nature. For 
a given physical length of tube, there Is a critical beam current, called the 
“starting current’, above which the regeneration js strong enough to cause 
the tube to oscillate at about the frequency given in the above expression. 
Below starting current, a signal whicn !s introduced at the Input (collector 
end of the tube) will be amplified if its frequency is near this value. As with 
all regenerative amplifiers, the gain can be very large, but is critically de- 
pendent on beam current and signal frequency. 
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26.4.2 Slow-Wave Structures 

Any structure which will support a backward wave can potentially be 
used for backward-wave Interaction. The folded line is one of the simplest 
in concept, and is capable of high power dissipation. It can take the form 
of a folded strip line, as skown in Figure 26-12, or the sides can be closed 
off, in which case the line is a folded waveguide, operating in the TE,, mode. 
Intermediate cases, In which the enclosure is further away, can be reccg- 
nized as folded ridged (or loaded) waveguide. 

It can be ahown that any waveguide with periodic variations in the direc- 
tlon of propagation can support backward waves in the form of space: 
harmonic components of the total field. Thus, s wide variety of circults have 
found epplication in backward-wave devices, and, unfortunately, many cir- 
cults for FWAszs seem io prefer backward-wave oscillations uncer conditions 
of high-power cpecation. 

The helix is an excellent circult for backward-wave tubes in the frequency 
range where the circumference !s one-half to one-fourth the {ree-apace wave- 
length. Ordinarily, such a helix is wound of tape, with the tape width about 
equal to the gap betwoen turns. Under these conditions, the fields seen by a 
beam quite close to th» helix are similar to those of the fcided-line siructure, 
with regions of axial field between turns alternating with drift regions be- 
neath the tape. It is customary to use a hollow beam in a helix-type back- 
ward-wave (ube, since only those electrons near the helix can participate in 
the interaction, It should be noted that, for a given frequency of operation, 
the disineter of the hel!x for a backward-wave tube {s several times larger 
than for a FWA. Thus, for hellx-type tubes, backward-wave interaction can 
be utilized at higher frequencies than can forward-wave Interaction. 

As with forward-wave tubes, it is important that reflections at the ends of 
the circult be minimized to reduce undesirable regenerative effects. In back- 
ward-wave tubes, the effect of imperfect matches ia to produce sinusoidal 
variations in the starting current and power output as frequency Is varied. 
A related effect is frequency pulling, or a shift in the oscillator frequency 
with changing VSWR of the load. If the matches at both ends of the tube 
are better than about 2:1 VSWR, and some additional loss is introduced on 
the circuit, these effects are ordinarily tolerable, The pulling figure of a 
BWO Is generally lower than that of conventional oscillators, Loss has detri- 
mental cffect on the efficlency, and hence should be minimized. 

Another advantage of the helix circuit over the interdigital line Js that it 
ly somewhat easier to obtain a good broadband match to the helix. 





26.4.3 Gunes and Focusing 
Generally the requiic~ments for production and maintenance of beams for 
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O-type backward-wave tubes are the same as for forward-wave tubes. The 
most significant difference fa that backward-wave tubes operate over a wide 
range of voltages, rather than a fixed voltage, and must be so desloned that 
the required current for oscillation ls supplied over the entire range of oper- 
ating voitages. The variation of voltage and current as a function of frequency 
ls such that the required beam perveance is normally highest at the loweat 
frequency of operation, and this point determines the gun design. At higher 
frequencies, the bear: is simply accelerated by a voltage difference between 
the circuit and the gun anode. 

Since the structure In a backward-wuave tube {is usually shorter than that 
of a forward-wave tube, the focusing problem !s simpler, for a given fre- 
quency and power level. 

Because of the varlable-voltage requirement, the focusing of backward- 
wave tubes is almost universally of the confined-flow or Brillouin-flow types, 
In interdigital-iine tubes with solid beams, the use of Brillouin focusing al- 
lows convergent-geometry guns and thus higher current densities and powers 
ari attainable. Periodic electrostatic focusing ia possible with the Iinterdigital 
eircult by operating the two halves at different d-c potentials, but this 
method Is restricted to very low power levels. 


26.4.4 Tuning Characteristics 

The frequency at which ampilfication or oscillation will occur in a back- 
ward-wave tube is primarily determined by the dispersion characteristic of 
the circult and the beam velocity. For a given beam voltage, interaction can 
occur only at the {requency for which the circult phase velocity is In approxi- 
mate synchronism with the beam, and thus the “tuning curve’, or a ptot of 
frequency versus beam voltage, can be obtained directly from the dispersion 
curve of the circult, A typical dispersion curve for periedic slow-wave cir- 
cult is shown In Figure 26-14, in the form of a plot of frequency w versus 
the phase constant #. (On this w-8 diagram, the phase velocity of the circult 
wave !s given by the siope of the line from the origin to a given point on the 
curve, and the group velocity ‘a the Incremental slupe of the curve at the 
given poirt, both velocities relative to the velocity of light.) Over the range 
of the curve fram 4 to B, the phase velocity is positive while the group veloc- 
iy Is negative, which is characteristic of a backward wave; this ia the region 
of operation of backward-wave devices. A plot of the relative phase velocity 
versus frequency is shown in Figure 26-1§. If the beam at voltage V is to 
be synchronous with the wave, the voltage must satisfy the relation V == 
S05 (v,/c)", and from this the synchronous tuning curve of Figure 26-16 is 
obtained. 

In practice, the synchronous tuning curve gives only an approximate Indi- 
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cation of the performance, and must be corrected by Including the effects of 
other factors to obtuin the actual tuning characteristic. The most important 
uf these factors is the beam current, and its effect on the frequency of oscil- 
lation ts terrned ‘frequency pushing.” As the beam current Increases, the i 
frequency Cecroases, ior a fixed voltage. This effect is [lustrated on the i 
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typical tuning characteristics shown in Figure 26-17, in which several curves 
ere plotted, for various values of beam current. 

The amount of frequency pushing which will occur in a given tube de- 
pends on beam current and voltage, and thus varies over the range of tube 
operation; values up to about five percent shift from the start-oscillation 
frequency are typical for high-power tubes. 

Frequency pulling, mentione’ in Section 26.4.2, results in minor varia- 
tions in the tuning curve, c: y variations with frequency in the reflec- 
tiona at the ends of the circu... .he amount of pulling also depends on the 
match at the load, and the length of the counecting transmission line. For 
relatively good matches, the deviations from the smooth tuning curve are 
approximately sinusoidal, with peak values usually less than 1 percent shift 
in frequency. More serious pulling and discontinuous jumps in the tuning 
curve can result if the termination at the collector end cf the circuit is par- 
ticularly bad. Such a breaking up of the tuning curve is a result of ‘‘long- 
line effects”, which cause rapid variation in the phase of the reflected wave 
between the load and the collector end of the circult, 

The tuning characteristic of an O-type BWO Is inherently nonlinear; 
typically, a 2 to 1 range in frequency can be tuned by varying the beam 
voltage over a 10 to | or smaller range. 


25.4.5 Power and Efficiency 

Power outputs of the order of milliwatts can readily be obtained from 
BWOs at frequencies as high as 100,000 megacycles per second. Larger 
powers can be achieved at lower frequencies, up to 10 kilowatts at S-band. 

Efficiencies attainab'e In BWOs are generally somewhat lower than those 
of TWTs, being of the order of 20 percent and higher for high-power tubes, 
and uw few percent or less for low-power tubes. 


26.4.6 Modulation and Control 

Possibilities for modulating 6s BWO include variation of the beam voltage, 
or the beam current; in addition, there is the possibility of injecting a signa! 
at the collector end of tre circuit. 

The primary effect of varying the beam voltage is to change the frequency 
of the output signal. Thus, the BWO can be frequency-modulated by upply- 
ing an appropriate signal waveform on the circuit. Due to the nonlinear 
shane of the tuning curve, the modulating signal must be predistorted if a 
linear modulation characteristic ia destred. The Ilmit on the tuning rate that 
can be achieved is set by the build-up time of the oscillations, which is the 
order of several transit times of the beam. Since the transit time is usually 
measured in millimicroseconds, tuning rates up to about 1000 megacycles 
per second per microsecond can be obtained in a typical S-band tube. 
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Since the output power, as well as the frequency, changes with heam volt- 
age, some amplitude modulation Is generally present in the cutput, when the 
beam voltage is modulated. If the frequency deviation Is smel!, however, the 
AM can be negligible. 

If the beam voltage is fixed and the current varied, the primary effect !s 
to vary the power output. Thus, a BWO can be amplitude-moduleted by 
varying the beam current. Because of the frequency-pushing effects dis- 
cussed previously, some incidental FM is also produced when the current 
ls modulated, Usually a special gun dealgn is reauired to vary the beam 
current, e.g,, with a control grid. 

In re’atively low-power applications, it is usually more convenient te pro- 
duce AM by some external means, as for example, with a diode or ferrite 
moculztor, In addition to reducing the effects of pushing, stich a device can 
have a relatively constant modulation sensitivity over the frequency range 
of operation, which would be difficult to obtaln by direct modulation of the 
BWO beam current. 

The output signal of a BWO can be frequency-controtled by the Injection 
of a signal Into the (normaly terminated) collector end of the circult. Zf the 
Injected signal le near the frequency of osclilation, the oscillation can become 
locked to the signal frequency. The -tehavior of a BWO under these condi- 
tione is almilar to that of other locked oscillators, end depends on the strength 
of both the oscillation and the injected signal, as well as the difference in 
thelr frequencies. If the BWG Is operating at just slightly above starting 
current, an infected algnal vi. the osclilating frequency will be amplified, 
while the oscillation will be elmply suppressed, without any frequency pull- 
ing. The resulting signal, locked on the frequency of the injected signal, is 
larger than would be obtained from the oscillator by iteslf. 

At currents considerably above the stert-oscilletion value, the behavior is 
somewhat more complicated, with extra-frequency components being gen- 
erated, and pulling of the oscillator frequency occurring. The range over 
which locking takes place decreases es the current is raised above the start- 
Ing value, and typically might be a few megacycles wide. 

The locking-in behavior of a typical low-power BWO is illustrated in 
Figure 26-18, which shows the frequency spectrum of the output. In (a), 
the 2WO Is barely osclilating at fo, and a constant-ampliitude injected sig- 
nal at /, is tuned toward fy. As the two frequencies get closer, the Injected 
signal simply grows, while the oscillation is suppressed. In (6b), the current 
is about !.5 times starting current. Hore, ‘he cactllsior frequency !s pulled 
toward that of the injected signal, anti ecually-spaced extra-frequency com- 
ponents appear on onc side of the oscillator frequency in the pulling region. 
Finally, lock-in does occur, but over a narrower range than in (a). 
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| 26.4.7 Spurious Ouipute 


Under certain conditions of op- 
eration, a BWO can produce out- 
; puts at frequencies other than that 


of the fundamental or maln output. 
| These extra cutputs are termed 


i 8 ; spurious outputs, and are generally 
| | | detrimental to the performance of a 
system in which the BWO Is used. 
js It was seen in the last section 
that, In the presence of a locking 
lt signa!, spurious outputs can occur 
when the oscillator is on the verge 
of locking in, but these disappear 
under the lecked condition. 

Another possible source of spuri- 
ous outputs in an O-type BWO Ia 
in modes corresponding to higher- 
ont erder solutions of the start-osciila- 

(4) 1a) tlon condition. Generally, the tube 
Fiourx 26-18 Spectrum of a backward-wave oa oscillate on these mudes if the 
oscillator in the presence of an injected elgnal beam current {s sufficiently high, of 
the order of five times the fundamenta! starting current or higher. 
When this condition is satisfied, the higher-mode output appears at 
& frequency somewhat lower than that of the fundamental output, and the 
strength of the spiitious vctput Is usually much smaller than the fundamental 
output. Because of the nonlinear character of the beam, intermodulation 
products appear whenever two signals are present, so that the result is that 
a multiple distribution of spurious signals ls observed when the BWO is 
osci!lating simultaneously on two modes. Higher-mode operation can be 
eliminated simply by reducing the physical length of the backward-wave 
circult, and therefore should not be ea problem in well-designed tubes. 

Depending on the kind of circult employed, Interaction may take place 
with various space-harmonic components of the field other than the funda- 
mental backward wave, to produce spurious outputs. This kind of Interac- 
tion can be virtually eliminated by proper circult design. 

Finally, spurious outputs occur at the harmonics of the fundainenta! fre- 
quency due to the nonsinusoidal bunching of the beam. These outputs are 
usually outside the frequency range oi interest, as wsll as being relatively 
smail in amplitude. 

In low-power applications, such as local oscillators and signal genevators, 
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in which spurious outputs are a most serlous preblem, the O-type BWO is 
capable of extremely good performance, producing a clean spectrum in which 
the spurious signals are typically 70 to 80 decibels or mcre below the main 
output. 


26.4.8 Low-Nolse Backward-Wave Amplifiers 

Since the backward-weve amplifier {s an electronically-tunable, narrow- 
band amplifier, its most Important applicatior, would seem to be as the Input 
stage for « rapidiy-tuned search receiver. In such an application, the sensi- 
tivity attainable dcpends on the minimum nolse figure of the backward-wave 
tube, It has been recently demonstrated that these tubes cun be designed and 
constructed with nolse figures aa low aa 2.5 decibels, with gain well over 30 
dec!bels, which appears to establish the BWA as an important component 
in microwave systems. 


26.5 Power and Size Limitations 

In assessing the potentialities of microwave tubes for apecific new appil- 
cations. the prcblem is generally cne of determining what can be accom- 
plished, within the state-of-the-art, toward meeting the requirementa of 
power, bandwidth, and physical size at a specific operating frequency. Basic 
to an understanding of how the performance characteristics depend on fre- 
quency ere the laws of scaling; this section will be devoted to a statement of 
general scaling rules, and thelr implications with regard to the power and 
size limitations of TWTs. 


26.5.1 Scaling Lawe 

Suppose that we have a successful design of a microwave tube, and wish 
to Investigate the desigr. of a sinilar tube to operate at a different frequency 
o; power level. We should expect to have to change the physical dimensions, 
voltages, currents, and the magnetic field, as well as the operating frequency. 
The problem Is to determine the new values of the performance character- 
istics, in terms of these changes. In general, two :equirementz must be met 
in the scaled version, + | these requirements yield the scaling laws which 
must be satisfied: (1). shapes of the electron trajectories must remain 
unchanged with scaling; and (2) the electrons must traverse corsesponding 
distances In the same fraction of a cycle of the operating frequency. 

Consider two geometrically-similar microwave tubes whose linear dimen- 
sions are in the ratic LZ: 


L = dy] Ly 


These tubes are to operate at frequencies in the ratio F: 


oe 2 > =. 


ae = 


ee TT ak ena > Simin gio ca ea Ty AP Al a oc EP eg RIS 





a SS ——— 


O-TYPE MiCROWAVE TUBES 46-47 
F sz fais 


If we now consider the dynamics of the electron beam in the electric and 
magnetic fields present, and impose the conditions that trajectory shapes and 
transit angles remain unchanged with scaling, we can derive from the equa- 
tions of motion the general scaling ratios between corresponding quantities 
in the two tubes. The results are summarised in Table 26-I, under the column 


TaBLx 26-1. SCALING LAWs FoR MICROWAVE Tupes 


Based on: (1) Geometrically similar electron trajectories 
(2) identical transit angles 


Scaling-ratio definitions; (1) Length: Leo La/li 
(2) Frequency; F = f3/f; 
Oenersi Complete Dimension 
Quanilty Scaling Scaling Scaling 
LF = 1 Fm i 

Wavelength, \s/A1 1/? VF=L i 

Time, dt,/dt, 1/P i/PF = L i 

Diatance, ¢2,/d8, i Fes L 
Area, A,/A: L! 1/Ft on L! Lt 
Velocity, v,/t FL 1 L 
Accelers.tion, 6,/@ Fal Fm i/L L 
Electric field, 2,/2, Fat, Vw t/L L 
Magnetic field, B,/3, r Fev i 

Potential, V/V: vals 1 La 
Charge density, p/p ya Ft = 1/L8 i 

Current denaity, #,/4, Fez Fa = 1/L8 L 
Current, 2,//; Fass i Li 
Power density, 9/1 Fos Fa ow 1/8 La 
Power, P,/?, Fei i Li 
Perveance, 5,/S: i 1 1 


headed ‘general scaling.’ This column sppiies to tubes with different dimen- 
sione and operated at different frequencies, and shows how voltaye, power, 
current density, etc., In the scaced tube compare with those quantities lis the 
original tube. In addition, the general scaling ration allow one to derive a 
number of scaling Invariants, or combinations of parameters which do not 
change with scaling. For example, (/2//;)/(V9/V;)*“@ (s such an invariant, 
since this particular ratlo Is independent of Doth 1 and F. It will be recog- 
nized that thia is just the ratio of perveances, S,/S,, anc thug the perveance 
is not a function of the scale, Another example might be the ratio V /B°d". 

The remaining ‘wo columns of Table 26-1 are for special cases of scaling 
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procedure. “Complete” scaling refers to the case !n which the dimensions 
are scaled in direct proportion tc the operating wavelength, or In Inverse 
proportion to the operating frequency. In this case, L = 1/7, and the 
ratios In this column show how the various parameters change with either 
ZL or F. For exampie, if the dimersiona of a tube are ail reduced by a factor 
of four, In order to operate at four times the frequency, the voltages, current, 
and powers remain unchanged. However, the electric and magnetic felds 
required are four times as large in the smaller tube, and the charge density, 
current density, and power denalty are olxteen times larger. Since the heat- 
dissipating ability cf o structure is reiated to the power density the amaller 
tube is iikely to be severely ilmited because of the high power-denalty ratio. 
Further, the current density obtainable from the cathode of the electron 
gun is limited, and thus the extent to which complete acaiing can be carried 
is restricted by these two considerations, “Complete” scaling {2 the case of 
moat practical usefulness 'n microwave-tube considerations. 

If the frequency of operation remains fixed, and the dimensions are 
changed, say, to obtain more power, then the ratios in the column headed 
“dimension scaling” apply. If the size of the tube is doubied, and appropriate 
changes made in the other parameters, the power will be increased by 32 
times. In this case, the magnetic field remains the seme; the electric fields and 
current density are doubled; the voltages must be Increased by a factor of 
four; and the power density and current are increased elghtfold. Scaling on 
this basia will agalz be Imited by allowable power dissipation, available 
current density, or voltage breakdown. 

It is Important to note that, while the above acaling relations were derived 
from the equations of motion of the electron beam alone, the results are 
Girectly applicable to such a complicated davice as a TWT, if complete 
scating ls employed. The reason for this Is that the perfcimance of such a 
tube depends on the choice of a number of design parameters which are 
inherently independent of this kind of scaling. For example, in a helix-type 
TWT, the parameter most basic to the over-all performance is the fre- 
quency-size parameter, ya, which is directly proportional to frequency and 
helix radius, and Inversely proportional to the square-root of the beam volt: 
age. Examination of the complete scaling column shows that yc {is an In- 
variant In this kind of scaling. Other design parameters, which depend cn 
ya, and gre also lavariant with complete scaling are: C, OC, NV, B, BCN, etc. 
It follows that the gain, bandwidth, and efficiency are also invariant. Thus, 
any conclusions drawn about how the beam power varies with scaling sre also 
applicable tu the r-f power output of the tube, at least to a firat approxi- 
mation. Some reservation is warranted here, though, since the efficiency de- 
pends also on some factors which may not be entirely independent of scal- 
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ing, such as the loss on the helix. Aiso, it should be noted that the scaling 
relations apply to the vaiues of the “design center” parameters, and should 
not be used, for example, to calculate how the power output varies across the 
band of operation of a given traveling-wave tube. 


26.5.2 Size Lis:itc at Low Frequencies 

If one attempts, by complete scaling, to acaie an S-band TWT down io 
about fifty megacycles per second, the rc.:1lt would be a tube perhaps forty 
feet long and a fcot {n diameter; such a tube would be less than useful, Even 
at £00 megncycles per second, a four-foot tube would be impractical in many 
applications, Furthermore, in this frequency region, conventional-tube devices 
are competitive with traveling-wave tubes, the prime example being the dis- 
tributed amplifier. Thus, there {s a frequency imit below which the TWT 
becomes too large to be practical. 

The low-frequency limit of practical traveling-wave tubes depends cn 
what {s considered a tolereble physical size, in any particular application, 
but probably lies in the range from £9 to 500 mcs, The Hmit can bs lowered 
for a given size by designing the tube to utilize a hollow beam, thus Increas- 
ing the attainable gain per wavelength, which shortens the required physicai 
length at a given frequency. 

A developmental traveling-wava amplifier has been reported which oper- 
ates over the range of 50 to 300 mcs, with power output at the 1000-watt 
level, whose over-all physical length is about thirty inches. It would seem to 
be difficult to do much better than this with TW tubes. 


26.5.3 Power Limite at High Frequencies 

Ths performance of 2 traveling-wave device at high freauencies is limited 
primariiy by three factors: the dissipation ability of the circuit, current- 
density capability of the gun and focusing system, and the difficulty of fabri- 
cating small tube parts. If complete scaling of a diss(pation-limited helix-type 
TWT is attempted, tha attainable output power will drop off as the square of 
tne wavelength. However, ordinary construction techniques begin to fail at 
frequencies above about 30,000 mcs, and it has proved difficult to obtain even 
the scaled powers at these frequencies. With special techniques, the high- 
frequency limit for he!ix-type amplifiers may be about 50,000 mcs, and per- 
haps as high as 100,000 mcs for BWOs. Achievable powers of tens of milli- 
watte seem to be the jimit In this frequency range. Several alternative siruc- 
tures for BWOs have been developed, which extend the frequency limits 
upward by perhaps a facter of 2. 

Ir, contrast to the situation at low frequencies, there are no alternative 
devices which begin to compete as the high-frequency Iimits of traveling- 
wave devices are approached. 
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26.5.4 Limiis Imposed by Gun and Focusizg System 

The current densities attainable in an electron beam are dependent on the 
capabilities of the gun and focusing system. The cathode surface itself Is 
subject to fairly definite Iimits on emission-current density, consistent with 
reasonable tube life. Continuous d-c emission densities of about 0.2 amp per 
cm squared can rellably be obtained from ordinary oxide cathodes, and up 
to about § amp per cm squared from the so-called ‘dispenser’ or impreg- 
nated cathode. For short pulses, less than about five microseconds, current 
densities up to about 10 amp per em squared can be drawn from either type 
of cathode without serious reduction of tube life. 

These limits on primary current density are considered severe by the de- 
signers of high-power microwave tubes; higher values would be desfrable In 
many applications. Effective beam-current densities up to the order of ten 
times the above values can be obtained by converging the beam in the gun 
region, so that a small beam is produced from a large cathocie. Hero, the 
limit to the amount of convergence which can be attained {s set by random 
“thermal” velocities in tha transverse direction, which tend to smear the 
kum out aldeways, preventing the attainment of large convergence ratios, 

Another factor [In gun design which limits the amount of cui‘rent that can 
be obtained at a given voltage is the perveance, or current per (volt)*, The 
pervennce of a beam is Jimited because of the effects of space-charge forces; 
in Picrce-type guns, perveances of about 2 x 10°* amp per (volt)® seem to 
be the upper iimit, for solid cylindrica! beams. 

In high-perveance, high-convergence electron guns, another related effect 
occurs which tends to Hmit the performance. The size of the anode aperture 
becomes comparabie to the cathode-anode spacing, and the fields in the gun 
suffer considerable distortion. The results are: nonuniiorin einission over the 
cathode surface, larger bearn size, iower total current, and appreciable spher- 
ical aberraticn. 

Once the desired beam has been formed by the gun, the focusing system 
must be capable of confining the flow to the specitted region by counter- 
acting the normal space-charge spreading forces. For high-power, high- 
perveance beams, confined-flow or Brillouin-flow focusing is generally re- 
quired, although any of the methods discussed in Section 26.3.4 are applic- 
able within their limitations. For example, periodic-magnetic focusing Is, at 
the moment, Hmited by the amount of coercive force of available magnetic 
mate:lals to tubes delivering about 1 to 10 watts of output power. 

Finaliy, it should be noted that the fccusing system inust be compatible 
with the gun design, so that the beam fiows smucthly {nto the circult region 
of the tube. If a strong confining magnetic field Is used for focusing the 
beam, a converging geometry cannot be used in the gun, unless the focusing 
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field is likewise convergent in the gun region, or else eliminated entirely by 
a magnetic shield. 
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Crosseu ‘ield Microwave Tubes 


E. C. DENCH, J. F. HULL, J. ». DSEPCHUK, D. A. WILBUR 


During World War II and for several years thereafter, an imposing 
amount of work was done cn the development and analysis of the traveling- 
wave magnetron oaciliator (References 1, 2, and 3). Shortly after the begin- 
ning of the war the magnetron, with mechanical tunability, became the work 
horse of microwave electronic warfare equipment. However, because wide 
and rapid tuning requirements began to develop for both radar and counter- 
measures, wide electronic tunability of high-power microwave oscillators 
began to be the dream of the microweve engineer. The development of the 
voltage-tunable magnetron by Wilbur et al. (Reference 4) of General Elec- 
tric Company In 1949 and subsequent work on it at The University of Mich- 
igan (References 5, 6, and 7) opened up a new field for the magnetron, and 
it also accelerated the trend toward voltage-tunabie oscillators. Meanwhile, 
the demonstration of the principle of traveling-wave Interaction ir line -- 
beam tubes by Kompfner (Reference 8) and Pierce and Field (Reference 
9) had stimulated work on crossed-field traveling-wave devices (Reference 
10). The princlpel of backward-wave interaction was conceived inde- 
pendently by Warnecke et al. (Reference 11) and Kompfner. The applica- 
tion of the traveling-wave principse to crossed-fleld interaction by use of a 
backward-wave structure resuited In the first demonstration of the vultzge- 
tunable BWO (backhward-wave oscillator) tube late in 1950, by Warnecke 
et al.; this was called the Carcinotron (Reference 11). Soon after, prototypes 
were developed (References 12 and 13) in the United States. 
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Because of the obvious advantage of voltage-versus-mecbanical tunabliity, 
its high-power and high-efficiency capability, its versatility, and its economy 
of size and weight, the M-type BWO has become one of the foremost micro- 
wave ECM transmitter tubes. In European countries it has developed a 
commanding lead in priority of development over the conventional mechan- 
ically tuned CW magnetron. In the United States, the hydraulically tuned 
CW magnetron is still the chief ECM microwave production tube, but efforts 
to develop new equipment are centered on M-type BWO’s and other new 
microwave devices. M-type BWO’s have been dev’ , ed mainly for high- 
power CW applications where wide and rapid volt ability is necessary. 
The typical ECM uses are for spot and barrage noise jammers using both 
frequency and amplitude modulation. Continuous-wave power output capabil- 
itles at the present development status from 100 to 40,000 mc range from 
5000 watts to SO watts, respectively, with tuning ranges of about 1.4:1, 
There have been pulsed M-type BWO's developed in the power range of 
hundreds of kilowatts, which may find use in pulse-frequency diversity radar. 

An outgrowth of the M-type BWO development is the Bitermitron, a 
backward-wave amplifier, used mostly as a voltage-tunable locked oscillator. 
An M-type BWO driving a Bitermitron gives more than twice the power 
output than is obtainable from a single tube. The application of this com- 
bination is the same as that for the M-type BWO. 

Voltage-tunuble magnetrons have developed along the lines of low- and 
medium-power CW tubes with tuning ranges of 2'1 and nower cutptta up to 
several tens of watts from L- to X-band. Their chief ECM use is for low- 
power barrage and spot jammers, and for drivers in amplifier-tube chains 
for high-power ECM and radar equipments. 

Research effort has recently been started on crossed-field forward-wave 
amplifiexa for ECM applications. These tubes are essertially Sroadband tra- 
veling-wave tubes using magnetron-type Interaction. TIaltial resulta of this 
effort are so encouraging that this device promises to become the major ECM 
and radar transmitter tube of the future. Power outputs greater than 750 
watts cw at X-band over 15 percent bandwidth at 10-db gain and 20 to 30 
percent efficiency have been obtained on initial sample tubes. The quan- 
titative theory of operation /s so well known and proved experimentally that 
it can safely be predicted that in the future a minimum of ! kw cw will be 
obtainable at X-band over a 30 percent bandwidth at 35 percent minimum 
efficiency and 20-db gain. It is also Hkely that the bandwidth and efficiency 
can eventually be increased to 50 percent or more at X-band. Correspond- 
ingly higher powers, efficiencies, and bandwidths will be cbtainable at lower 
frequencies, Since this tube is a broadband amplifier, there {s no variation of 
the applied voltages as the frequency is changed. Therefore the Jamming 
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tricks, whether of the nolse or deception type, can be generated at low power 
and then amplified. Also, existing jarmmers can be upgraded In power by 
ampiifying thelr output with the crossed-Seld forward-wave amplifier. The 
results of the research offort on this tube cre toc preliminary to be included 
in this chapter because they might be misieading as to the eventual capabil- 
ity of the device, but a brief theory of operation {s given. A more complete 
discussion of the present state of the art of this device is given in Reference 
14, 


27.1 Basic "rinciples of Crossed-Field Tubes 


27.1.1 Space Harmonics 

Az in the case of the O-type BWO discussed In Chapter 26, space harmon- 
ics play a vital role in the operation of crossed-field voltage-tunable oscillators 
and amplifiers. In the cases of the vo!tage-tunable magnetron, the BWO, and 
the backward-wave amplifier, there must be an electron beam whose velocity 
can be varied electronically and which is synchronous with a traveling-space 
ha:monic on s slow-wave structure. Since the phase velocity of the space 
harmonic is a function of frequency, the velocity of the electrons In the 
beam determines the oscillation or amplification frequency. 

Space harmonics are caused by periodic spatial perturbations along a 
waveguide structure or resonant cavity. Suppose we have a paralle) strin 
transnijasion line with a wave traveling from left to right with the speed of 
light, as shown in Figure 27-1¢. Now let us bend It Into a zigzag path form. 
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(A) (B) 
Fiovaz 27-1 Propagation in the interdigital slow-wave structure. 


ing 27-16. The wave now travels along the path ABCDE, etc., with essen- 
tially the velocity of light. (it should be pointed out that the Interdigital 
structure Is only one type of slow-wave circuit, but is one of the simplest to 
Gescribe and so will be used throughout this chapter for illustrative pur- 
poses. ) 

Now suppose an electron travels along the edge of the interdigital slow- 
wave structure from left to right as shown in Figure 27-18. The electron is 
sx.d to be traveliag synchronously with a space harmonic {f it always ex- 
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perlences the same fuvce or force-time variation every time it goes Yy & gap. 
In order for the electren to give up energy to the slow-wave structuse, this 
must always be a net reivrding torce. Let us suppose that it takes the veve 
a time 7, to travel from £ to E acound the path BCDZ. The apparent ¢x:- 


tance from B to E along the edge o' the structure and the path of the elec- ~ 


tron stream is d, Now, since the fiela is reversed from one gap to the next, 
the electron must go from the n.lddile cf gan B to the middle of gap & in a 
half a period, 7/2, (or any odd number cf half periods), plus 7,,. Expreasing 
this matheinatically: 


d _ 2d 
= RET waa a 


where d is the distance between finger centcrs, » Is any odd integer, v’» is 
the velocity with which the wave propagates dewn \be circult, and ls equal to 
the phase velocity of the wave in the sigzag \inv, v,, times the ratio of dis- 
tances BE/BCDE. (This {s approximately equa' tc the velocity of light 
times BZ/BCDE). 

Now, when the wave travels in the same direction xs vhe electron and the 
electron keeps in synchronism with the fields in the gaps, 1s shown Jn Figure 
27-16, we say that the electron Js interacting with a ‘orvard vave, and 
under such conditions we could have forward-wave amnliitcation. The plus 
sign superscript on the symbol for electron velocity indicates that there Is 
forward interaction. It is important to note that the electron need not travel 
with the progressive velocity of the wave down the circult v’,, «0 it keeps 
in synchronism with the fields in the gaps, but Instesd It can have. number 
of ‘synchronous velucities’’ called space-harmonic phase velocities cor: »spond- 
ing to odd values of » of Equation 27-1. Because the eiectron travels alter- 
nately in front of a conducting finger, where It sees little or no longituc(nal 
component of electric fleld, and then in front of a gap, where it sees the fieia 'n 
a particular phase, the field picture as seen by the electron is much the sam. 
as the picture seen by the human eye when viewing a motion picture, because 
of the shutter effect. A rotating wheel with spokes, In a motion picture, 
can appear to be rotating forward or backward, because of the shutter effect. 
In much the same way, because of the shutter effect, the flelds In the gaps 
ax seen by the electrons appear to move forward or backward with various 
apparent velocities for any given progressive velocity of the wave down the 
slow-wave structure. Let us now assume that the electron of Figure 27-16 Is 
traveling from right to left while the wave Is traveling from ‘eft to right. 
Now, in order for the electron to stay in synchronism with the flelds in the 
gaps, the electron must travel from the middle of the gap at E to the middle 
of the gap at Bin a half period (or any odd number of half periods) minus 
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Z's. Thus the velocity of the electrons for backward-wave interaction Is 


= 2dj ; 
Me = EO Tdi) pee) 


where # is, again, an odd integer aru the minus superscript Indicates back- 
ward-wave Interaction. This is the type of interaction we have in Carcino- 
trons, or BWO's. 

In the preceding paragraph: we have been examining the apparent velocity 
with which the fields at the edge of the fingers of the slow-wave scructure 
appear to the electrons. ‘Ve could form a different viewpoint by synthesizing 
the known fields with a series of traveling-wave modal components. Were 
we to do this rigorously we would find thet their velocities would be identical 
to those given in Equationa 27-1 and 27-2. These traveling-wave modal com- 
ponents are called space harmonics, and for any given wave traveling down 
the slow-wave structure there are an infinite number corresponding to odd 
integers, w, traveling with various velocities both forward and backward. 


27.1.2 Electron Interaction With the Space Harmonics 

If an electron travels in the same direction and at the same velocity as z 
space harmonic, then it sees a steady force due to it, but it sees alternating 
forces due to all the other space harmonics. In mont cases we can assume 
that the effects of these other nonsynchronous space harmonics on the elec- 
trons are smali since the average of the forces taken over a long time is nil. 
Thersfore, to the synchronous electron the space-harmonic fleld with which 
it js synchronous appears to be a static field. The typical shape of <puce- 
‘armonic electric field for an M-type BWO, or Carcinotron, is shown in 
igure 27-2. 

an this view we have taken a cross section of the slow-wave structure 
perp ndicular tu the fingers of Figure 27-15 and have added a conducting 
plane jarallel to the face of the fingers. This plane is called the sole; {t has 
a \igh negative voltage relative to the slow-wave structure apniiede to It so 
as to esiaclish a strong x-directed electric fleid shown in the figure as £z,. 
Perpendicular to this in the negative y direction is imposed a str’ = ' uniform 
magnei'c fleld. The spacing between the sole and the slow-wave » icture Is 
called a. 

Now we will invoke a basic concept of electron motion In crossed electric 
and magnetc delds: in a region of uniform magnetic field and nearly uni- 
form electric field in which the electric field is alwaya perpendicular to the 
magnetic field, electrons always drift in the direction E K B ane with the 
velocity E/B, provided ti:e time or space rate of change of the electric field 
is small compared with the length or period of a cycloid. Therefore a ribbon 
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Fioung 27:2 Electren interaction in the crossed-field tube. 


of electrons as represented by the dotted Ilaes of Figure 27-2 which are 
injected Into the Interaction space by an electron gun will drift in the s 
direction with the velocity Z,./B; and {f the velocity of the spaca-harmonic 
fieids is equal to this, then the moving electrons effectively see the space 
harmonic as static fields, Therefore whenever synchronism exists, electrons 
drift in the direction perpendicular to the space-harmonic fields as shown 
by the v-shaped arrows (v,,,), #0 that they congregate ia the region A, form- 
ing one bunch per space-harmonic wavelength. In these bunches the electrons 
work thelr way across from the original beam position to the slow-wave 
structure, staying locked in synchronism as they do, and they move against 
the s component of the space-harmonic electric field, so that they give uo 
thelr d-c acquired energy to the rf ficlds, Therefore energy |s given up from 
the d-c applied field to the wave which gave rise to the space harmonic, 
causing the wave to grow. Slater (Reference 3) give a good discussion of 
crossed-field interaction for the magnetron oscillator. 

Now in Figure 27-2, with the space harmonic and electron velocitie: being 
identical and frum left to right, as shown by the arrows labeled v,, and 
Veg,» the wave which gave rise to this space harmonic could have been trav- 
eling ci the slow-wave structure in any one of the three directions: (a) the 
positive s direction, (0) the negative ¢ direction, or (c) the x direction with 
no prepagation along z at all. Case a is the type of interaction In forward- 
wave amplifiers where the bean: is progressively bunched as the wave grows; 
Case 6 is the type of Interaction In backward-wave oscillacors and ampll- 
fiers where the beam {/s progressively Dunched as {i progressively moves 
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toward the weaker elds, but regenerates itself because the bunched elec- 
trons feed energy to the low power or input end of the slow--vave structure; 
and ¢ Is the type of Interaction often used in the voltage-tunable magnetron. 


27.2 Description of Tube Operetion 

Let us look at the manner !n which crossed-field interaction {s used in the 
operation of the forward-wave amplifier, the backward-wave amplifier, the 
BWO, and the vcitege-tunsbie magnetron. The schematic representaticns of 
these tubes are shown in Figure 27-5. 
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(a) Forward-wave amplifier (6) Backward-wave amplifier 
(or locked BWO) 
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(c) Backward-wave caciliator (d) Voltage-tunsble magnetron 
Frovaz 27-3 Principles of operation of four typea of croveed-feld tubos. 


47.2.1 Forward-Wave Araplification 

The input rf power of the forward-wave amplifier in Figure 27-3@ is fed 
into the slow-wave structure at the end where the beam Is injected, and the 
beam interacts with a synchronous forward apace harmonic causing une signal 
to be amplified, As electrons interact they are drawn over to the slow-wave 
structure, and any electrons that have not completely interacted are col- 
iected on the collector. The propagation characteristic of the slow-wave 
structure Is adjusted so that the first forward spaco-harmonic velocity is 
constant over a relatively wide band of frequencies, so that the ampilication 
bandwidth is brosd—typlically as broad es a traveling-wave tube. It lz con- 
venient to expreas graphiceliy the relationships between frequency and the 
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phase velocities of the space hermonics by meanz of the so-called w-f plots. 
(An alternative method is the use of the c/» versus A diagram, which Is 
preferred by some workers in the field. This diagram has the following ad- 
vantages: the lites of constant phase velocity are almply horizontal Ines 
corres, nding to given values of the ordinate ¢/»; the group velocity is given 
by the ordinate at the intercept of a line tangent to the phase-velocity char- 
acteristic at any point; also the “‘cyclotron-reszonance”’ relations are represented 
by simple straight lines on this diesram). The value of 9 {a defined as the ratio 
of w to pnase velocity. Therefore in the case of space harmonics, 8, is equal 
to w/v,,* for forward space harmonics, and w/v,,~ for backward space har- 
monics. Thus {if we plot w versus 8 for any given sh w-wave circuit, the elope 
of the line from the origin (# = 8 == 0) to the point of interest on the curve 
{s equai to the space-harmonic velocity. The velocity with which energy or 
modulation intelligence propagates down the line is called the group velocity, 
and can be shown to he equal to @w/@f. Therefore the slope of the wf curve 
at any point is equal to the group velocity. A suitable w-8 plot for the 
forward-wave amplifier is shown in Figure 27-4, with the solid segments 
of the curve corresponding to the for- 
ward space harmonics and the dashed 
enn, segments corresponding to the back- 
ee ie “" werd space harmonics. It may be seen 
rons ee that ff the electrons have a velocity 
corresponding to the slope of the line 
oab they ere synchronous with the space 
’ | harmonic over the frequency range w, 
FIOURE 27-4 wf plot showing for- to w), and therefore this is the amplifi- 
ward-wave and backward-wave Inter- carton bandwidth. The shaping of the 
maerath. weB curve for synchronization of the 
electrons with the space harmonic over the range w, to w) {2 called “‘broad- 
banding” the structure. The low- and high-frequency cutoffs, w,, and 
wry, Gefine the first passband. It should be pointed cut that there are many 
higher-frequency passbands separated by stop bands, with w-@ characterlatics 
similar to that of the first passband. However, thelr fields are usually so 
weak as to be insignificant !n comparison with the fields of the first pass- 
band, so they usually do not cause trouble, 
It is to be noted that there /s no Inherent feedback mechanism in the for- 
ward-wave amplifier as thers is in the backward-wave amplifier to be de- 
ascribed next. 








27.2.2 Backwerd-Wave Amplifier 
In the backward-wave anipifies shown in Figuie 27-36, the power Is fed 
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into the collector end of the beam and the electrons interact with e syn- 
chronous backward space harmonic of this wave. ‘Cherefore, the wave grows 
as it travels from right to left. It Is to be noted that the maximum beam 
bunching fields extet ({f complete interaction of all the beam has not occurred) 
at the input end of this tube, and these bunches Induce some signal at the 
input end of the structure which reinforces the Input signal, constituting an 
inherent regenerative feedback mechanism. The gain of this device increases 
ss the beam current is raised, and because of the vegenerative effect, the 
gain becomes infinite at a particular beam current called the oscillation 
starting curvent, /,. In order for the tube operation above this current to be 
controlled by the input signal, it must be strong enough to override the 
regencrative effect of the beam feedbeck; otherwise the tube cacillates in- 
dependently, At beam currents below the oscillation starting current, the 
tube is a voltage-tunable regenerative-feedback amplifier. At beam currents 
above the oscillation starting current the tube is a voltage-tunable iocked 
oscillator in the presence of sufficient input ri driving power, and in the 
absence of input power, the tube becomes a voltage-tunable oscillator, or an 
M-type Carcinotron. The portion of the w-8 plot used in a backward-wave 
amplifier or caclilator Is shown in Figure 274 as the segment of a dashed 
curve from c to d. In this case only the backward space harmonic {s used. 
As may be seen, the backward space-harmonic velocity Increases as one goes 
from point c on the curve to point d, and the frequency also increases. There- 
fore, to voitage tune a backward-wave amplifier or oscillator, one merely 
varies the electron velocity, v.Alch must be synchronous with the backward 
space-harmonic velocity. In most backward-wave ampilfiers or oscillators the 
forward-wave portion does not need to be “‘broadbanded” aa in Figure 27-4, 
and usually the w-@ curve looks typically 


“Ts, os “. like thet shown in Figure 27-5. The 

| bandwidth used is typicallly that between 

N | we and we Which is about a 1.5:1 fre- 
PNY quency range. 


It Is to be noted that, at any given 
electron beam velocity, or voltage, the 
Fioune 27-5 wf plot for a hackward- amplification bandwidth of the backward- 

wave amplifier or Gsetliator. wave amplifier exists only in the region 
where the line through the orlgin crosses the backward-wave portion 
of the wf characteristic, and is relatively arnall (1.05:1) as compared with 
a forward-wave amplifier or traveling-wave tube (up to 2:1); but this nar- 
row bandwidth can be voltage tuned over a 1.5:1 frequency range. 

Let ue now consider operation of the backward-wave amplifier below start- 
ing cursent, Let a backward-wave tube be outfitted with an externai rf con- 
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nection at both the gun end (output) and the collector end (input) of the 
deisy line. Then !f an external signal is injected at the input, one observer a 
backward gain (defined as 20 times the loz:5 ratio of output rf voltage to 
input rf ae) under conditions of velocity synchronism between the becm 
and the apace-harmonic wave (interacting fundamental spatial harmonic) 
a scevating currents below ihe starting current, /,. This backward gain at- 
tain: very Slab values at beam currents just below J, and becomes Infinite 
whon the seam current becomes equal to /,. As discussed earlier, a type of 
pouitive fectback Is Inherent in backward-wave interaction and, therefore, the 
backward-wave amplifier is regenerative in nature. 

Small signei theory Indicates that in order to attain a gain of greater than 
20 db, for zt practical tubes, the operating current must be only about 2 
or 3 percent below the sterting current. Since tne gain theoretically varies 
as 1// — /, at current approaching /,, it is clear that a high degree of current 
stability is necessary in working with backward-wave amplification. The 
gain drops off very rapidly as the input frequency or anode voltage V, is 
varied from the value for synchronism. In the region of high gain, as the 
current !s changed the gain and the bandwidth change in such & manner as io 
keep the gain-bandwidth product epprcximately constant. For high values of 
gein on the order of 20 to 40 db, the theoretical bandwidth between 3-db 
points is very amall, of the order of 0.01 to 0.1 percent. For equivalent inter- 
action parametere, the more clapers:ve she delay line, the smaller the bard- 
width at a given gain. 

The center frequency of the amplification band Is voltage tunable—usually 
by variation of the anode voltage V,. For constant gain, however, one inust 
vary the operating current with the voltage since the starting current varies 
with frequency or voltage. 

A greater gain-bandwidth product, resulting In jess critical dependence on 
operaiing current, can be obtained by the use of two circuit sections In one 
tube, as in the Cascade (References 15 and 16) backward-wave amplifier. 
The improved operation is obtained at the expense of increased complexity 
of the tube design and Is limited by saturation efficts (Reference 16) pecullar 
to crossed-field interaction. 

Let us now consider the backward-wave aniplifer in superregenerative 
operation. In the operation of a high-gain backward-wave amolifier, the cur- 
rent Is close to the starting current where the gain varies very rapidly with 
current. Therefore, one may expect extreme operational Instability which 
limits the practical usefulness of such operation. To avold this instability, 
one may utilize superregenerative amplification. 

In a superregenerative amplifier the atate of operation is alternated be- 
tween a nonoscillating and an oscillating condition. In the backward-wave 
amplifier this could be done by varying the current cyclically between a 
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current below /, and a current above /,. The frequency of this alternation 
should be much greater than that of the highest frequency of the modulation 
to be eppliied to th: japut signal. This alternation is called the quenching 
cycle, In the idee! © senching cycle of such an ampilfier, the tube is in a non- 
vacillating or quenched state during a small part of the quenching cycle; 
and during most of the cycle the tube is placed into conditions under which 
oscillations may build up. In this latter part of the cycle, a regenerative or 
“‘sensitive’’ state prevails. 

The operation of the superregenerative amplifier utilizes the dependence 
cf the rate of oscillation buildup on the amplitude of an input signal present 
during the sensitive part of the quenching cycle. The nature of the ampl!- 
fier with regard te the variation of gair. with Input sig:*«] depends upon the 
period of the quenching cycle compared to the normal buildup time of oscil- 
lations. If the quenching frequency is very high so that the oacillation never 
reaches a saturated state during the sensitive part of the cycie, then the gain 
is constant over a great range of input power, and iinear aimpiication resulta. 
For lower quenching frequencies such that the oscillation saturates during 
the sensitive part of the cycle, the gain decreases with input power and the 
amplification tends to be logarithmic. 

A knowledge of the buildup time in the absence of an input signal is im- 
portant for the understanding and design of superregenerative amplifiers. 
A theoretical determination of the rate of bulldup Including the effects of 
apace charge and line attenuation is complicated, but if one neglects these 
effects and assumes the oscillation builds up as e!’’ in # small-signal state, 
then it ls found that + decreases rapidiy from infinity for / jus¢ greater than 
J, and decreases slowly for / > 3/,. This calculation assurnes that the current 
is instantaneously set to the value / at ¢ = 0, whereas in reality the current 
rises to the value of / !n u finite time after passing /,. From 7 one can esti- 
mete the total bulldup time from noise to usual operating levels. For 
1/!,> 1.5 one finds a theoretical buildup time of the order of 10-' to 
10-" seconds for most practical tubez. The effect of space-charge is to de- 
crease this time so that these values may be considered as upper Himits. By 
operating closer tc /, one may Increase the bulldup time considerably and 
therefore the gain, but this increase is lirnited by operationa! instability as 
/ is made too close to /,, where 7 varies rapidly with /, The choice of / Is 
governed by the requirement of a bulldup time sufficlent)y greater than the 
required quench cycle so as to obtein sufficient gain. 

Tn utilizing a backward-wave amplifier for superregenerative operation over 
a wide range of signal frequencies it is necessary, as in operation below 
starting current, to vary the operating current with frequency [n order to 
maintain a constant gain since the starting current varies with frequency. 

The superregeneretive amplifter has a galn-bandwidth product which fs 
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much greater than that of the regenerative ampilfier. The bandwidth will vary 
with the quench frequency and with the quench waveform. Generally, the 
less time spent in the regenerative or senaitive part of the quench cycle the 
wider the bandwidth. 


27.2.3 Backward-Wave Oscillation 

Figure 27-3c shows a echematic representation of the M-type BWO, or 
Carclnotron, which differs from the backward-wave amplifier enly in that 
the input is terminated in a refiectloniess ioad, and the tube fa always oper- 
ated above the oscillation starting cursent, J,. The w-8 characteristic of this 
type of tube Is shown in Figure 27-5. Tha sf power output sreesrs at 
the output terminal, but, because of Incidental reflecticna along the siow- 
wave structure or at the output, some power Is reflected and progresses down 
the line toward the collector end of the tube. There are normally no space 
harmonics interacting with this reflected power, but if the power is re-re- 
flected it combines with ihe electronic feedback mechanism both regener- 
atively and degenersatively, causing perlodic wiggles or holes in the 
voltage-frequency curve and power;-frequency characteristic. Therefore, the 
slow-wave circult at the collector end iz terminated as reflectionlessly as pos- 
alble, 

The frequency of oscillation is determined by the velocity synchronism 
condition between the beam and circuit space harmonic. Variation of electron 
velocity v,, which ia equal to (Vi; + Vi.)/Ba, voltage tunes the tube. (See 
Figuro 25-13 for detinition of voltages.) The electrical parameter of the tube 
which {s varied to accomplish voltage tuning Is elther V,, or V,,, the cathode- 
line or sole-cathode voltage. For sweeping the complete band of the tube, 
Vis is varled; while for tuning or frequency modulation cver 2 narrower band 
the sole voltage 7,, is varied, 

The beam current may be controlled by e!ther the arid voltage V,, or the 
accelerator voltage Vi, By these means, amplitude modulation may be ec- 
complished. 

The efficlency and power rapidly increases with current for ///,>1.5, and 
the efficiency tends to level off fer 7//,>>3. The vperating currents, and 
therefore the cutput power, are ilmited by the delay-line dissipation and 
usually are In the range 2/, to 5/,. Moderate to high efficlencles, 15-50 per- 
cent, inherent In M-type devicez, have been atteined In CW backward-wave 
oscillators of the M-type in the microwave range of 1000-10,000 Mes. 

If the attenuation region fi the tube is perfect then there is no frequency 
pulling, in theory. In, this case a Rieke diagram of the tube should snow 
circles of constant power but nv frequency shifts. If, In addition, the output 
transition presents no reflection, then the circles of constant power ars 
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centered at the origin. This shows that the mazimum useful power /s ob- 
tained in the load when the tube operates into a matched load as seen just 
inside the output transition. With a perfect attenuation region the tube can 
work Into a load with any value of VSWR without frequency pulling or 
frequency discontinuities as occur, for example, in the “sink” region of the 
Rieke diagram for a magnetron. 

An imperfect termination, or irregularities in the delay-line structure, leada 
to the introduction of frequency pulling sad the possibility of frequency dis- 
continultles for loads of high VSWR. This Is because the -re nce of reflec- 
tions at both ends of the delzy line permits an additional type of ‘-edback 
which may be regenerative or degenerative depending on the electrics! | .gth 
between reflections. Whenever a parameter such as the anode voltage or © * 
output load phase la varied through a condition where degenerative feedback 
occurs due to reflections, frequency discontinultles c” holes may resuit. For 
loads of high VSWR and a poor attenuaticn region, ten or more frequency 
holes may result. Well-designed attenuation regions and accurate delay-lines 
will ellminate this type of frequency hole. The space charge of the beam has 
a second-order effect on frequency, causing frequency pushing. Pushing {s 
defined as the change of frequency with beam current when all other para- 
meters are held constant. Frequency deviations due te pushing are typically 
of the order of 0.6 percent of center frequency as the beam current js varied 
so as to cause the power output to vary from zero to Its normal operating 
value. 

If the backward-wave tube {s provided with an input as shown In Figure 
27-36, then tho injection of a algnal at the input may result in locking of the 
free-running oscillation to the frequency of the injected signal. The theore- 
tical determination of the locking range of frequency is complicated if space- 
charge effects are Included, A claseical smail-aignal treatment which neglects 
the space charge shows that the Jocking range of frequency Is proportional 
to the ratio of injected power to the outrut power of the free-running oscil- 
lator. When this ratio is unity, theory predicta a typical locking range of a 
few percent. Experimentally, one often finds locking-range values greater 
than those predicted by theory. 

If one injects power of the same order as the output power of the free- 
running oscillator there appears a new festure in the performance more 
significant than the mere frequency locking. With the optimum condition cf 
lrequency locking, the total output power of the locked oscillator can be 
grester than the sum of the Injected power and the free-running output 
power. This means that the efficiency of the locked oscillator, defined as 
(Pour — Pind)/Pac, la greater under the locked conditions than in the free 
running state. This difference can approach a ratlo of 2, which Indicates th-t 
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a cascade arrangement of two oscillators can deliver more power at higher 
efficiency than simple parallel arrangements of the oscillators. The driven 
tube in such a cascade arrangement is called a Ditermitron,* and the com- 
plete system of the two cr more tubes !s called a Bitermitron system. 

A qualitative explanation for the difference in efficiency Iles in the fact that 
in the free-running case the rf field near the input is smail according to the 
usual field distributicn in backwerd-wave oscillators; but In the driven case, 
the rf field {s large near the input. Therefore, one expects the interacticn In 
the region near the collector to be move efficient In the driven case, 


27.2.4 Voltage Tuning of the Magnetron Oscillator 

The voltage-tunable magretron Is different In several ways from the tubes 
previously discussed. First of all, the beam and slow-wave structure may 
both be re-entrant. Second, the rf beam impedence is decreased and tae d-c 
anode current Is controlled und limited elther by means of temperature limit- 
ing the emission from the cathode or by the use of an injected beam. In the 
latter case a whirling tubular sheath of electrons from a cethode is injected 
Into the generally cylindrical re-entrant Interactlon space formed by the 
anode end an Inner nonemitting electrode, often called the sole, and since 
the rate of electron Injectior, Into the Interaction space may be controlled, 
the apparent emission wil] appear to be temperature Imited. 

Since the slow-wave structure is electromagneticaliy re-entrant in the 
typical case the operating valuer of 8 are fixed at those discreet values, or 
modes, which satisfy the re-entrance conditions, generaiiy an integral number 
of wavelengths around the structure. 

The siow-wave structure then forms an Integral pari of an rf resonant 
circuit, and this is thes: heavily resistively loaded by the output line, or by 
other means. The electrons which form the rotating sheath are bunched /nto 
“‘apokes” as in the case of the conventional magnetron osciiiator, and be- 
cause the effective emizsion lz limited the rotational velocity of these bunches 
can be varied by varying the sole-ancde voltage, without affecting the amount 
of current drawn by the uncde. 

These electron bunches induce Inductive or capacitive currents in the slow- 
wave structure, depending on whether they travel siower or faster than the 
speed corresponding to the midband frequency of the tank circult. This, in 
effect, moves a small portion of the w-2 curve up and down In the vicinity 
of the fixed value of 8 corresponding to the cperating mode of the slow- 
wave structure, os illustrated by Figure 27-6, A voltage-tuning diagram car 
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be obtained by following points a, 6, and c¢, 
on the wf curves, which correspond to sole- 
anode voltages V., '’.. and V.. The typical 
voltage-irequency variation of the voliage- 
tunable magnetzon Is linear and proportional. 

It should be pointed out that the value of 9 
can, in general, be fixed at as many discreet 
values form 0 tc 2r:/d as there are anode 
segments In the slow-wave structure and that 
voliage-tuneble eperation may be obtained in 


Fiounr 77-6 w-6 plot for & elther forwarci-wave, backward-wave, or stand- 
voltage-tuaable magnetron. Ing-wave moves 
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27.8 The M-Type Backward-Wave Oscillator (Ni-Type Carclaotron) 


27.8.1 Physical Characteristics 
The basic elements of a backward-wave tube sre Indicated schematically 
in Figure 27-7 with the usual arrangement of applied d-c voltages. 





Fiovngz 27-7 Schematic diagram of an M-type BWO. 


The arrangement of the basic elements may be separated Into three regions: 
the gun. region bounded by the cathode, grit, and accelerator; the interaction 
space bounded by the delay line and the sole; and the collector region 
usuell, bounded by the actual collector element and the scle. In practical 
tubes, the collector, as well as the delay line, is an integral part of the tube 
body which is maintained at ground potential. 

With the appropriate values of applied potentials and ihe appropriaic 
value ang direction of magnetic field (see Figure 27-7), the electron beam 
is formed in the gur. region, passes through the Interaction region, and is col- 
‘ected under operating conditions at both the delay 'ine and the collector. In 
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order to obtain the correct beam transmission, it is Important to apply the 
magnetic field in the correct sense. 

In most tubes, the delay line is of the Interdigital ‘ype. In backward-wave 
oscillators, the rf Input is absent and a portion of the delay line adjecent to 
the collector is modified suitably with means of attenuation so as to provide 
an adequate termination for the absorption of any power reflected from the 
output. In the amplifier or Bitermitron, no attenuation is specifically intro- 
duced into the delay line and an rf input connection iz provided. 

In most practical tubes the Interaction space fs annular rether than linear. 
Figure 27-8 shows a cross section of a typical tube, and, pictorlally, the path 
of the electron boam and the rf energy under oscitating cond!tions, 





Fiovnx 27-8 Elemenis of an M-type BWO. Fiovre 27-9 §-band M-type 
BWO showing Interne! construc- 
tion. 


The header is that portion of the tube jn which the electrode leads aro 
brought out to external terminals; it comprises the principal projection from 
the main cylindrical body of the tube in addition to the rf output. Both 
radial and axial headers have been used, but tne exlal is preferred because of 
advantage in tube construction and because it is more adaptable to the use of 
a teroidal-type magnet, which has advantage over other types cf magnets, as 
detailed below. Figure 27-9 shows a packaged S-band tube with a part of 
the tube cut away to show some of the Interna! construction. The form of 
the torcidal-type magnet Js also shown. Its self-enclosure causes Its field to 
Gécréase Very rapidly outside the magnet; this valuabie shielding function Is 
not found in other types of magnets. For example, for a typical S-band tube 
utilizing a toroidal magnet, ihe field at any point 5 Inches away from the 
external boundary is less than 50 gausa when the magnet is stabilized at a 
gap field of 1200 gauss. In general, the field outside the magnet decreases as 
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i/r*, where r is the radius from the center of the magnet. This dependence 
on fy almply thet of a dipoie. 

Ficure 27-9 also shows in cross section a cylindrical liquid-cooling channel 
at the periphery of the tuke body and one of the external connections to this 
channel. The liquid cooling of the tube cylinder removes the heat which is 
generated by the interception of the beam at the delay iine and the ccllector. 
In most tubes designed for applications where thermal frequency drift re- 
quirements are not severe, the sole Ja not specifically designed for direct 
cooling; but some cooling of the sole is effected by cooling of the sole sup- 
port-headsr projection, 

The inside of the body of s typical C-band tube {s shown In Figure 27-10, 
showing the electron gun end of the Interdigital slow-wave structure. Figure 
27-11 shows the collector end of the slow-wave structure. Reflectionices ter- 





Fiovez 27-10 Photograph of 
the electron-gun end of a slow- Ficuax 27-11 Photograph of the collector end of 
wave structure. a slow-wave structure, 


mination of the structure is achieved by putting a thin coating of [ron or 
other lossy material on a number of the end fingers. Loasy ceram!c termina- 
tions are sometimes used in low-power tubes, and at low frequencies (below 
L-band; this end of the slow-wave structure is sometimes brought out of the 
tube through another terminal which {s terminated externally. The collector 
is located beyond the erd of the rf termination of the slow-wave scructure, 
and consists of a beam-interception structure which has a good thermal path 
to the body and cooling jacket of the tube so that it can readily dissipate the 
beam power. 

The radial d-c electric field is provided by the sole electrode, which |s 
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placed inside the slow-wave structure. The sole is often: used also for mount- 
ing the electron gun. A photograph of the Inside of an M-type EWO with the 
sole and gun mounted !n position {s shown In Fleure 27-12. Because the sole 
must operate at a high negative voltage relative to the body, it is mounted 
on an insulating ceramic. The electron gun electrodes are alzo mounted vith 
insulating ceramics. 

A cross-section view of the electron gun typically used in magnetron type 
backward-wave oscillators and amplifiers is shown in Figure 27-13. This is « 





Fiouné 27-12 Photograph of the Inside 
of an M-type BWO showing sole and gun = Fiouaz 27-15 An electron gun of an M- 
mounted in position. type BWO showlng the beam formation. 


photograph of the actual beam in an M-type BWO gun as studied In a 
manned space chamber. The electrode cross sections have been emphasised 
and a schematic external circult diagran: has been edded to the photograph. 
In this gun the electrons, emitted from the strip cathode, are initially ac- 
celerated toward the accelerator because of the positive voltage impressed on 
it relative to the cathode. The magnetic fleld bends the electron trajectories 
tc the left, forming a half a cycloid; and then the electrons enter the slow- 
wave structure space with its stronger electric field, which atraightens out the 
trajectories. The beam current {is controlled elther by varying the positive 
accelerator voitage cr by varving the negative voitage applied to the channel- 
shaped grid. It is important to note that neither of these electrodes hag a 
first-order effect on the electron velccity in the sole-circult region since the 
velocity there depends on £/B and not on the entrance conditions, The 
electron gun Is designed to give the thinnest and smoothest beam possible, 
even though the sole-to-line voltage varies by a factor of 2:1. 

The external apnearance of the M-type BWO roughly resembles that of a 
CW magretron, except for the absence of any mechanical-tuner mechanism. 
Kigure 27-14 shows typical 150-watt tubes in the C- to X-band frequency 
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Frotns 27-14 Typical 150-watt CW 2-type BWO's covering the frequency rengs of 
4800 to 11,000 Mc. 
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Frouns 27-1§ Family of 200-watt CW M-type BWO's. 
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Fiousr 27-16 Typical 400-watt CW M-type BWO's. 
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range. Each has a packaged weight of 15 lb with a» magnet diameter of 64 
in, and an over-all axial dimension of 44 In. Figure 27-15 shows a famliy of 
200-watt oscillators ranging from an L-band tube to an X-band tubs, These 
tubes generally weigh about 20 lb and have a magnet dianseter of 74 In. 
The physical uniformity in this family of tubes fs Vestrable and feasible in 
the principal microweve range of 1 to 11 kmec. In Figure 27-16 are shown 
some typical 400-watt oscillators, which are very close in size and weight to 
the 200-watt tubes, 


27.3.2 Operating Characteristics 

The principle feature of BWO's is their voltage-tuning capability. In the 
M-type BWO, voltage tuning is obtained by varying the line-to-sole voltage 
Vai + Vi» to which the beam velocity is proportional. By equating the beam 
velocity as a function of voltage to the expression (Equation 27-2) for cir- 
cult phase velocity, a frequency-voltage relation f* derived: 


Vii Vio = 125 (27-3) 


The second term In the denominator of Equation 27-2 is typically of the 
order of to % in the voltage-tuning range of most tubes so that a varia- 
thon of 2:1 In Var + Vy, results In about a 1.8:1 variation in frequency. In 
existing tubes, this is about the maximum tuning range consistent with good 
efficiency. 

It is important to keep the electron beam in as nearly the same position 
as poszible as the tube is voltage tuned. The most satisfactory method of 
voitage tuning from the standpoint of ontimum efficiency and tuning range |s 
to fix the voltages from cathode to ti accelerator, sole, and grid, and vary 
the anoc: voltage V,, from this combination to ground. Voltage-tuning ranges 
of 1.5:1 can be obtalned In this way with good pcwer output, but they have 
the disadvantage of requiring the modulating circuit to carry the beam cur- 
rent. Also, the sole, grid, and accelerator voltago-supply chassis must be 
varices in voltage with respect to ground, and this puts a practical limit on 
the rate at which the frequency can be varied. From the circult standpoint, 
the most satisfactory way to voltage tune the tube {s to vary the sole voltaye 
V.. only, leaving all other voltages Axed. Since the (ube can be cesivned se 
that the aole current ia very small, this method of tuning obviously elimin- 
ates many circult problems. ‘The widest practical tuning range that has 
been achieved to cate by this method Is about 1.2:1, timited by deteriora- 
tion of electron optics at the end of this tuning range. Tubes can be de- 
aluned to cover both the upper and lower 1.2:1 portions of the total 1.4:1 
range by two choices of anode voltage. 
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Froung 27-17 Performance curves for a 200-watt 8-pand M-type BWO with anode 
voltage tuning, BWM-7697. 7p = 300 ma; Zi. = 800 volts, 
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Froure 27-18 Parformance curves for a 200-waii C-band M-type BWO with anous 
voltage tuning, L-3146. fy <° 278 ma; Kon = 1600 volts, 
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Fiounx 27-19 Performance curvea for a 200-watt X-band M-type BWO with anode 
voltage tuning, QK634, Joy = 275 ma; Hae = 1600 volte. 


Curves of frequency, power, and efficiency versus anode voltage for 200- 
watt CW tubes at S-, C-, and X-band frequency ranges are shown In Figures 
27-17 through 27-19, In Figure 27-20 are shown similar curves for a 400- 
watt L-band oscillator. For these curves, the accelerator, grid, end sole 
voltages were held constant with reapect to the cathode, For these and other 
existing tubes, the tuning ranges are typically 1.4:1. Sole-tuning curves for 
L- and C-band tubes are shown In Figures 27-21 and 27-22; it may be seen 
that the tuning ranges for existing tubes are about 1.2:1. The tuning rates, 
le, megacycles per volt, are essentially the same as in the anode-voltage 
tuning curves. In part, the high-frequency end of this sole-vuning range Is 
limited by reduction of the efficiency and the low end Is limited principally 
Sy excesalve sole current. The fact that only the sole voltage needs to be 
verled, however, makes this type of operation attractive for equipment use 
in spite of the reatricted tuning range. 

In Table 27-1 are listed all active tubes of the M-type BWO class as supplied 
by the Advisory Group on Electron Tubes (AGET), valid on June 1, 1959. 
This list includes ail M-type BWO’'s In active development or In production 
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Frovez 27-20 Performance curves for a 400-watt L-band M-type BWO with anode 
voltage tuning, QKA778. Jog = 480 ma. £,. = 1100 volts. 





- ke am oi 
pt 
bow Dim 


a oO - — , : a 
1700 1000-9000 1400 700000 ay 2000 1600 «9000 «3200 3400) GR 
bere vettage. vetty 


Fioure 27-21 Performance curves for a 200-watt L-band M-type BWO with pole 
voitage tuning, QKO6S845. Jy == 300 ma, 
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Tasie 27-1. Active Tusgs 
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NOTES 


Security classification of all tubes Is CONFIDENTIAL except where UNCLASSIFIED 

is aoted in “Remarks” column. 

Structure of all tubes ia backward wave, M-type. 

All tubes are voltage tuned, 

Cooling 91 cit tubes is quid except where “forced alr” is noted In “Remarks” column. 

Mugnets ure all permanent, Integral, exccpt where “separate” ie noted In “Remarks” 
column. 

' TI cr 7C Number: prefix indicates technical information category. 

Sponsor: 
A:  Azmy, agency unspecified 
AS: Army, Signal Supply Agency (U3ZASSA) 
FW: Air Fores, WADC 
NA: Navy, BUaer 
NO: Navy, BUord 
NS: Navy, BUships 
8C: Army, Signal Corps, USASRDL 
Z: Industry sponsored 
FR: Alr Force, RADC 





Compeny or Laboralory: | 
BOM: Somac Laboratories i 
LIT: Litton Industries 
MIU: ‘The University of Michigan 
RAW: Raytheen Company, Waltham 
SYW: Sylvania Electric Products Company, Woburn 
VAR: Vartan Acsociates 
CSF: Compagnie Cenerale de T.S.F. 


OR am Wai 


Staiwa of Project: 
A: Active 
B: Completed 
C: Commercially announced or in production 
P: Production 


Function: 
OS: Oacillator 
OSA: Amplificr-oseliator 
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Fioune 27-22 Performance curves for ea 200-watt C-band M-type BWO with sole 
voitage tuning, 1.3296. Jo = 275 ma, 


in the United States. Many tube types in the principal microwave range of 
1 to 11 kme sre shown to be [n or close to production, whereas tube types 
in the K-band range are still under development and not yet In production. 

The most widely used method of modulation of the M-type BWO is fre- 
quency modulation by varying the sole voltage. The frequency deviation ob- 
talnable is the same as the scle-tuning range, |.c., :.2:1. The maximum rate 
at which this deviation can be swept be:ore deterioration of the tube charac- 
terlatics begins to occur Is at least 30 Mc at L-band and 300 Mc at X-band. 
The chic! practical problem in obtaining high frequency-moculation rates is 
in overcoming the effects of sole-to-ground capacitance. At X-band, this 
caprcitance is typically 35-50 pyi, at S-band 60-70 pyuf, and at L-band 
80 pyf, 

Amplitude modulation Is achieved by varying the accelerator voltage or the 
grid voliage, thus varying the beam current. The power output may typl- 
cally be varied from 0 to 3 ‘times the nominal CW power of the tube by 
varying the accelerator-to-cathode voltage from 0 to 4500 volts. When the 
grid js an open slot as shown In the gun cross section of Figure 27-13, the p 
of the grid with respect to the accelerator is about 0.2. However, when wires 
are placed across the grid slot in the appropriate positions, the » of the grid 
with respect to the accelerater can be brought up to § or more, and this 
greatly reduces the voltage swing necessary to amplitude modulate the tube. 
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Whenever the tube is amplitude modulated by varying elther the grid or 
accelerator voltage (while the sole—slow-wave circuit voltage remains fixed) 
there is a secend-order frequency variation called frequency pushing, which 
is caused by the Influence of the bunched team on the slow-wave circuit. 
When the tube is amplitude modulated by elther varying the grid cr the 
accelerator voltages, the pushing is typically 0.6 percent or less of the center 
frequency as the power varies from full power to zero. 


27.8.3 Applications 

One of the most impertant sppiications of the M-type BWO to the ECM 
probiem is in barrage and spot nolse jamming by frequency or amolitude 
modulation, or both. The nuize bandyidth can be varied all the way from a 
few megacysies to 25 percent of the operating frequency, thus providing 2 
hign degree of flexibility in providing watts per megacycle versus bandwidth. 
With the 200-watt serles of tubes, one can achieve a niolse-power density of 
about 50 watts/Mc at 4-Mc bandwidth, and this can be spread out to as 
broad a noise bandwidth as 1800 Mc at X-band. The quality of the nolse, 
in terms of ability to jam eophiaticated radera, depends mainly on modula- 
tlon rates, particularly the frequency-deviation rate. The noise output of 
an M-type BWO looks like white nolse to the most sophisticated radara 
available today whenever the maximum rate cf the nolse-frequency deviation 
exceeds the Dicke-Fix bandwidth. White nelise is the most efficient all- 
around nolse that can be used for jamming since it is perfectly random and 
resembles cosmic nolse-—the ultimate limitation on sensitivity of all radar 
receivers, The M-type BWO can also generate many cther types oi jam- 
ming signals for specific applications. 

More and wore attention is being given to the sole-tuned and modulated 
M-type BWO. As used In this rianner, the main power supply voltage is 
fixed and the frequency contrcl electrode, the sole, draws very little current, 
and therefore is a high impedance electrode. The frequency coverage at the 
present state of the art is 1.2:1, and this is being increased by developments 
currently under way. 

The basic tube efficiency of the sole-tuned tube is essentially the same as 
that-.of the magnetron, but since the FM and AM modulation signals are 
applied to high-impedance electrodes the system efficiencies may be greater 
than thuse of the magnetron. The over-all system efficiency In terms of nolse 
watts per pound of equipment may be greater than that of the magnetron, 
which typically exceeda 1 watt/Ib, but the added flexibility of the M-type 
BWO in providing variable bandwidth barrage or spot jamming, together 
with decepticn jamming, make it a very valuabie ECM tool. 


27.3.4 Future Capabllities 
Thus far, the discussion has centered mainly on the 200-watt series of 
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tubes covering the frequency range of 950 to 11,000 Mc. The feasibility of 
a similar 400-watt (minimum) serles of tubes is demonstrated by the exis- 
tence of 400-watt tubes, with about 1.4:1 tuning range at L- through S- 
bend and also at X-band. The size and weight of these tubes is no greater ai 
the lower frequencies, but !s about 20 percent gieater at X-band. 

Power outputs of i0 kw have been obtained in M-type BWO's at 200-400 
Mc and 10-40 watts has been obtained at about 35 kmc. A developtrent Is 
currently under way for a 50-kw CW tube tunable over a 1.5:1 frequency 
range at 500 Mc. The atrainment of greatiy Increased power compared to 
that of existing tubes at any frequency range ultirnately demands speciai 
means of overcoming delay-line dissipation limits and, at high frequencies, 
cathode or gun limitations. Generally, the delay-iine dissipation problem car: 
be overcome at and below X-band hy the Introduction of liquid cooling in 
appropriate delay lines. At K-band and higher, liquid cooling is not feasible 
beceuse of the small size of delay-line elements, and another method is re- 
quired, A novel design utilizing “sorting” (Reference 17) has the properties 
of low delay-line dissipation for a givan output power, and offers promite of 
obtaining greater power than presently possible at K-band and higher, At 
the present limits of developmen’, cathede or gun Hmitations are serious 
only above X-band, and progress is being made on overcoming these limita- 
tlons by special gun designs. An estimate of objective davclopment capabilities 
for M-type BWO’s is presented !n Figure 27-23. 


27.4 Backward-Wave Locked-Oscillator or Amplifier (Bitermitron) 

The power fevel available at the present time for crossed-fleld BWO's is 
150 watts, or 409 watts nominal at both S- and X-bands. Increases in this 
power would, of course, be welcome at any time, and this section describes a 
tube, the Eitermitron, which is capable of increasing by several-fold the 
power output: now available. At the same time, the Bitermitron has all the 
advantages of the crossed-fileld BWO. 

The name i3termitron has been given to that class of microwave tubes 
characterized '-y the use of two ri terminals, one at each end of the delay 
line of the non-re-entrant crossed-field backward-wave device. For the ap- 
plications attempted ao far, no attenuation, In addition to that inherent In 
the delay line itseli, has been used. The electr-n beam, like the delay line, 
is non-re-entrant. 

The Bitermitron is the crossed-field counterpart of the O-type backward- 
wave amplifier. Up to this time, Bitermitrons have been made for operation 
at both S- and X-frequency bands by appropriate modifications of a 
crossed-field BWO. Experience indicates that these tubes can be made for 
Any frequency range for which a basic BWO has been developed. Further 
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Fiounr 27-23 Cbjective capabilities of M-type BWO development, Utilization of lumped 
circult and liquid-conied delay-line techniques permit attainment of special combinations 
of power, size, und weight in cross-hatched region. The notation “Ib” is packaged weight. 


study of the Bitermitron used as a power booster (Bureau of Ships Contract 
NObsr 72519) has indicated the type of modifications, particularly of delay- 
line parameters, needed to improve the tube. With those modifications, the 
Bitermitron should be a less direct derivative of the prototype crossed-feid 
BWO. 

Figure 27-24 is a photugraph of an S-band Bitermitron, the QK540, coup- 
led to its BWO driver, the QK62S. This arrangement Is used for power 
boosting. The similarity in construction of the two types of tubes is apparent. 
Thelr operating voltages and currents are also similar. 

The genesis and development of the Bitezmitron came from the need for 
higher outnut powers than could be obtained conveniently from a single- 
tue HWO. A second application useful in countermeasures techniques was 
found when {t was noted that, through appropriate circultry, tte Bitermitron 
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Fiournse 27-24 Bitermitron power-booster system. 


could be used both as a voltage-tuned receiver and as a voltage-tuned tranz- 
mitter. This combined use implies great simplification of equipment. 


27.4.1 High-Power Problem 

Crossed-fleld BYWO's have recelyed considerable attention because they 
can be electronically tuned over a wide (preseatly 30-50 percent) frequency 
band while producing high power with good eificloncy (20-40 percent). At 
the present state of the art, a 400-watt oscillator can be designed for any 
microwave frequency below 11,000 Mc. However, for power outputs above 
1C00 watts, appreciable difficuities are encountered at frequencies much 
greater than 3000 Mc. 

Limitations of the crossed-field BWO must be recognized before the merits 
of various methods for Increasing its power output can be compared. Three 
recognized limiting factors !n the design of such tubes are: delay-line power 
dissipation, cathode current density, and space-charge denalty. 

These three limiting factors are, untortunately, not independent. For 
example, the dejay-line dissipation may be Increased by reducing the impe- 
dance of the delay line, but such a change requires a greater electron-beam 
current (increased space-charge density and ciithode current density) or an 
increase in delay-line length (increased space-charge Interaction path). 

Tt ian difficult, In the present state of the art, to bulld a crossed-field BWO 
having a conventional interdigital delay line which is capable of producing 
i.kw nower output over a 30-50 percent frequency band. Without further 
basic technological knowledge, advances in existing power-output limits must 
probably rely on modification of existing designs. For greater power, one 
thinks first of combining the outputs of several exiating oscillators in a com- 
mon load by connecting the tubes elther in parallel or in a series (cascade) 
arrangement. 

At first glance, paralie! operation of the tubes appears impossible because 
the power from two or more crossed-fleld BWO's ts not phase coherent and 
cannot be successfully combined. However, two methods have been proposed 
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to overcome thee difficulties. In the first method, a srnall perturbation Is 
for ned in the delay Hines of » — 1 oscillators if m are to be operated in 
parallel, Such a perturbation, if located at the end of the acti, delay-line 
section, has an effect equivalent to that of injecting a locking signal into the 
slave vscillater from the master oscillator. This latter tube contains no per- 
turbation of its delay line. 

A second method of achieving parallel operation of two oscillators in- 
volves etclosing the delay lines of both tubes in « single vacuum envelope 
and passing s single electron beam over the lines. Cross-coupling through 
adjacency of the delay lines and through the electron beam maintains phase 
coherence. This parallel delay-line-common-beam arrangement has been used 
to obtain 1 kw at 3000 Mc. Unfortunately, this technique leads to several 
practical problema, which include difficulty in constructing the delay lines 
and matching thelr impedances. In addition, a rather wide magnet gap Is 
necessary, In contrast to the arrangement involving perturbed delay lines, 
parallel operation of more than two delay lines in the same vacuum envelope 
seems impractical. 

Series ‘or cascade) operation of crossed-field backward-wave tubes, the 
second general method of combining the output of several oscillators, cffers 
several advantages over parallel operation. Among these are: (1) no common 
electron beam is required so that separate vacuum envelopes may be used; 
(2) known delay-line manufacturing techniques are applicable; and (3) the 
magnet gep is no larger than that used In a conventional BWO. The most 
important edvantage of this arrangement, however, {s that the output power 
of a system of cascade tubes can be considerably larger than the sum of the 
individual oacillator powers. This is true in spite of the losses incurred by 
transmission of the driver power through the second tube, at least at S-band. 


27.4.2 Effect of Insertion Loss 

To show the effect of Insertion loss on total power output, the curves of 
Figure 27-28 have been derived for a two-tube driver-Bitermiiron system. 
In seach case, the oscillator efficiency has been assumed to be 30 percent and 
the power booste: efficiency to be 40 percent, as defined on the figure. 

As the insertion loss becomes higher, the over-all efficiency is reduced be- 
cause of the decrease in circuit efficiency. In fact, it can be seen that for the 
a-db and 3-db curves the over-all efficiency is less than that of either tube. 
The over-all efficiency for high 108s approaches 20 percent, which is just half 
the Bitermitron efficiency. It is clear that if a number of Bitermitrons, each 
of finite insertion loss, are connected in cascade to produce very high powers, 
the rf power-output contribution of the final power booster may just balance 
its rf loss ao thnt this tube would not contribute to the total power output 
of the svstem. 
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Fiovurz 27-28 Effect of insertion lose on system efficiency, 


The curves of Figure 27-25 heve been drawn for the usual case In which 
equal d-c powers are applied to the driver and Sitermitron. Ii this restric- 
tion is removed, the above conclusions about the effect of Insertion loss may 
no longer be valid. At 3000 Mc, the Insertion loss is quite reasonable, about 
1 db for present Bitermitron tubes. 


27.4.8 Mode of Ogeration 

With the operating voltages and currents as well as delay-line lengths 
about the same for both driver and Bitermitron, the power-boosting action 
of the Bitermitron takes place at currents appreciably greater than its oscil- 
iation starcing current. For this reason, it Is accurate to say that the Biter- 
mitron, in this cpplication, fs a locked oscillator rather than an amplifier. The 
free-running frequencies, voltages, power outputs, etc., of the Bitermitron 
ure essentially those of its prototvpe BWO. 

Locking of the Bitermitron free-running frequency to that of the drive 
frequency will occur at an input power dependent upon the szparation of the 
frequencies of the driver and the free-running Bitermitroa. When the rf 
drive power to the Bitermitron is increased, the Bitermitron power output 
at the driver fsequency Increases until, with full drive power, the system 
power output may be 3 to 4 times that of either tube alone. 
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Since either tube will oscillate by Itself, the use of a driver-Bitermitron 
power-booster system cffers some assurance of continuity of operation in any 
critical epplication. The ;ower outputs obtainable from either one of the 
tubes would be one-third to one-fifth the normal output of the two-tube 
syatem, 

It should be noted that the ebove discussicn implies a BWO driver and 2 
Bitermitron of similar construction except for those changes required in the 
Bitermitron. In this casa, the vo!tage-tuning feature is preserved zince it has 
been shown experimentally that the locking range or usable bandwidth Is 
sufficient to permit use of a common anode supply. The Bitermitron power 
booster is, however, entirely sulted for enhancement of power produced by 
other types of drivers, such as a magnetron. The magnetron or other driver 
may be of fixed frequency, or may have a mechanically adjusted tuning 
range within that of the Sitermitron, 


27.444 Moedium-Power 8-Band System 

The early development of the S-band Bitermitron was accomplished 
throug}: modification of a basic 150-watt crossed-fleld BWO, the QK481, 
This oiciliater has since undergone production refinement and is now desig- 
nated the QK.625. The refinement work brought about detalied in provements 
in the mechanical design of the QK48!1 and permitted an {ncrease in {ts 
minimum power output to 180 watts. 

Development work on the associated Bitermitron, the QKS540, has kept 
pace with the refinement prograrn resulting in the QK625. The combination 
of the QK625 driver with the QKS4C Bitermitron forms a busic, medlum- 
power, S-band system. The two tubes of this arrangement are similar In 
size, shape, weight, and slectrical characteristics, Pictured !n Figure 27-24 is 
the QK625 BWO coupled to drive a GK540 Bitermitron power booster. 

The similarity of the QK540 and the QK625 is emphasized by Figure 
27-26, which shows the power output and efficiency of a QK340 being cper- 
ated as a free-running oacillator, This performance approximates that which 
would be obtained with typical QK623 BWO's. When the QEK.S40 is onper- 
ated with small amounts of Injected power, the characteristic curves can be 
expected tu appear as in Figure 27-27, The locking characteristics and 3-db 
bandwidths are shown for two values of injected power; and it 's apparent 
that both the QK540 locked-oscillator efficiency and its bandwidth become 
greater with Increasing drive power. The power-output curves here are 
rensonably symmetrical about the power maximum, a condition that does not 
hold true for higher drive powers. 

Figure 27-28 illlustrates the behavior of several Bitermitron characteris- 
tics as a function of 2rive power, These data are for a midband frequency of 
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Fiourz 27-26 QKS540 Bitermitron used as free-run- 
ning oseiliantcr (with externel attenuator), 
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2900 Mc. The locking-range curve hav been derived for orly a small range 
of drive powers since it is believed that most users will be interested only In 
the I-db or 3-db bundwidths. Experiment shows that over nearly the entire 
locking range outside the 3-db bandwidth the output power {s no greater 
than that which can be obtained from a single tube. The smallest drive 
power attempteri in these experiments, about 10 watts, ylelded a peak gain 
of approximately 16 db. In this region of drive power, the system becomes 
difficult to oporate unless the driver {s insensitive, or is made insensitive, to 
reflections. Such insensitivity is necessary because an appreciably mismatched 
ioad may cause the reflected power to be greater than that injected. 

QK625 and QK540 tubes can be chtalred separately and muy be coupled 
to form a two-tube driver-Bitermitron system. However, these tube types are 
also available in what fz called a “‘matched-pair” system. This consists of a 
QKS540 Biternitron Individually adjusted to track with «a particular QK625 
dilver. The tracking {s secured by factory adjustment of the QK540 magne- 
tic fleld strength while keeping common anode end sole voltages on both 
driver and booster. A set of operating characteristics detailing the system 
performance Is suppiled with each matched-palr system. Unrelated driver 
and booster tubes can be made to track over the band with a common anode 
supply, but a spread of aole voltages between the tubes may be necessary. 
Work it progressing to standardize the magnetic field strength of the QK625 
and the QK540 tubes in order to eliminate the need for matched pairs. 

Operating characterisiics for a matched-pair system are illustrated In 
Figure 27-29, Considering that the driver power may have been about 225 
watts at the low-frequency end of the band and Increased to perhaps 300 
watts «ot the high end, the corresponding booster contribution tc the power 
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Fioune 27-29 Operating characteristicn of S-band driver-Bitermitron system (QK625/ 
QKS40). 
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Fiounz 27-30 Free-running and diver efficiencies of an 
S-band Bitermitron (QKS540). 


output varied between 375 and 500 watts. The rated minimum output power 
of a QK625/QK540 medium nower S-band system is 450 watts. Figure 27-30 
shows the Increase In efficiency of a typical QK540 Bitermitron as drive 
power is applied. 

Some work has been done at S-band with a system comprising 2 driver 
followed by two Bitermitron power boosters. However, the insertion loss of 
the QK540 tubes begins to reduce the over-all system efficiency although 
this lose is compensated in part by the Increases of efficlency of the second 
power booster. It seems clear that the second Bitermitron in such a chain 
requires different design considerations to make the meat effective use of the 
jarge drive powers available at {ts input. 

For the above reasons, aa well as for reasona of system complexity, the 
use of three tube arrangement: does nct appear practical at present. 


27.4.8 Higher-Power and Higher-Frequency Bitermitrons 

Further work (Bureau of Ships Contract NOber 727519) on the Bitermitron 
has resulted in a higher-power S-band Bitermitron system, the QK625/ 
QK618, and an X-band Bitermitron system, the QK634/QK605. 

Aithough the QK625/QK6i8 system is specified to produce a minimum of 
1 kw, generally 1200 to 1700 watts Is obtained over the frequency range of 
2500 to 3300 Mc. In this system, both ths driver and the Bitermiltron are 
programmed in beam current a3 a function of anode voltage. 

Bitermitrons at the 450-watt level have been also developed at X-band and 
at other S-band frequency ranges. 


27.4.6 The Superregencrative Bitermitron 

The high-power features of the Bitermitron which ure particularly sulted 
to countermeasures equipment can be used moat effectively In a jammer if 
frequency acquisition of the victim radar can be simplified. 

With the Bitermitron, high-power amplification of microwave signals {s 
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possible, but low-power amplification has been tried as wel!, It {s not pos- 
alble to lock the csciliation of the Bitermitron with signals having a power 
level of 1 miliisvat? or less. However, if the anode current is kept at a value 
lower than that required to develop backward-wave oscillation, regenerative 
voltage-tunable amplification can be achieved. This regenerative gain follovrs 
fairly closely the usual laws of regenerative amplifiers in that gain can be 
exchanged for bandwidth, and vice versa. 

Since regenerative gaine are not particularly useful because of extreme 
operational instability at high gains, superregenerative techniques were tried. 

The superregenerative amplifier has a gain-bandwidth product which Is 
much greater than that uf the regenerative amplifier. When each operational 
phase of superregeneration is considered, the reason for this large impreve- 
ment becomes more cvident. 

In e@ superregenerative amplifier, elgnal energy and oscillatory energy are 
fed to a single tuned circult. The ides! quenching cycle of such an amplifier 
consists of forcing the amplifier into a quenched state for a short period and 
then placing it in a regenerative, or “‘sensitive”’ state for a much longer 
period. Following this, the amplifier is driven Into fuli uscillation. The dura- 
tion of osciliation buildup is governed by the recelved signal amplitude in 
the tuned circult. Then the complete quench cycle is repeated. The period 
of this cycle shou!¢ be much leas than that of the highest modulation fre- 
quency. 

The bandwidth of the amplifier will be determined by the rate at which 
the quench voltage travels In and out of regenerative amplification end oscil- 
Jation. In general, the faster the rate, the wider the bandwidth, because for 
the same quench waveform, lesa time Is spent in the regene.ative or sensitive 
part of the cycle at the higher quench frequencies. 

in an experiment on the Bitermitron as a superregenerailve amplifier, ‘+2 
cuench voltage was applied to ihs control grid. ‘The signal chosen to be 
amplified was a 10-psec pulse applied at a !-kc repetition rate. This signal 
allowed 10 samples per pulse to be taken by using a 1-Mc sine-wave quench 
frequency. The uzual multiple resonances associated with superregenerative 
amplifiers were nct apparent in the Bitermitron. 

The range in anode current over which good amplification was obtained 
was quite small; consequently, alight variations In current caused large varia- 
tions in gain. The use of the superregenerative Bitermitron in a counter- 
measure aystem, where band sweeping would be used for radar frequency 
acquisition, requires the receiver to have constant sensitivity over the bund. 
Such constant sensitivity is not obtalned when the Bitermitron ia superre- 
generative because the oscillation starting current, and therefore the current 
for equal regenerative gain is not constant over the band. Therefore, means 
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for establishing an effective automatic sensitivity control was necessary {or 
good frequency-acquiaition characteristics as -veli as for reliable measure- 
ments of gain, bandwidth, and sensitivity. Automatic sensitivity control was 
obtained by ampiifying the quench signal component from the crystal detec- 
tor at the Bitermitron output and rectifying jt; the resultant d-c voltage was 
fed back to the Bitermitron grid while mainaining sultable fsolation Setween 
the d-c voltage and the quench signal vcltage on the grid. The Bitermitron 
gild has a transconductance of approximately 200 ua/volt, which is sufficient 
to maintain reasonably constant seneitivity over the band when using a 
maximum rectified quench voltage of 100 volts d-c. This arrangement {s also 
an effective automatic gain control. 

The signal-to-nolse ratio at the Bitermitron output was optimized and the 
quench signal componet was removed from the signal by amplifying the 
tignal in a multistage amplifier of bandwidth 1/7, where 7 is the puise width 
of the signal. The amplifier bandwidth was about 100 kc. Experimental re- 
sults obtained with a laboratory model of a receiver bullt according to these 
principles are given below. 

Input-signal powers from —35 dbm near the low end of the band (2600 
Mc) to —31! dbm at the high end (3300 Mc) were measured in one super- 
regenerative Bitermitror for an output signal barely discernable in nolse as 
‘wewed on an oscilioscope. Power gains of this tube varied from 50 db to 
71 db at the low- and high-frequency ends of the band, respectively, These 
sensitivities are approximately the same as those of crystal video recelvers 
currently used in countermeasures systems. Some Improvemenis is these sen- 
sitivities and gains could be realized if the quench waveform were tallored 
for better signal to noise ratios. 

For the purposes of illustrating the use of this unique tube, the superregen- 
erative Bitermitron, a block diagram of a possible countermeasures sysiem 
is given in Figure 27-31. Some of its advantages over a more conventional 
system are the elimination of many extra components needed in the fre- 
quency-acquisition portion of the jammer. These components Include the 
mixer, the I-f strip, the loc’ oscillator, and thelr power supplies, as wat! as 
the mixer and discriminator for automatic frequency control, Alignment error 
of the transmitter frequency with reapect to the recelved frequency is elimin- 
uted because, at any power level, the Bitermitron radiates at substantiaily 
the center frequency of the passband of the superregenerative amplifier. 

Gperation of the circult shown In Figure 27-31 proceeds in the following 
manner. 

In the receive condition, the quench oscillator signal is applied to the 
Bitermitron grid. A high level of sensitivity 's maintained by means of the 
automatic sensitivity-control circuits while the tube {s swept over the band. 
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Fiouar 27-31 Possible countermeasures system uslng the Bitermitron., 


When a radar signal within the band appears et the receiver antenna, Jt {a 
amplified by the Bitermitron and detected by the crystal. From here, the 
resulting video signal is passed through a video amplifier, whose high-fre- 
quency cut-off is designed for optimum elgnal-to-noise ratio and to remove 
the quench-signal component ncrmally present at the crystal output. After 
amplification, the video signal is rectified and filtered to develop a d-c voltage 
bias which is applied to the grid of a Phantastron sweep circuit. 

The Phantastron, with no bias applied to its grid, normally sweeps the 
anode supply which, in turn, sweeps the Bitermitrun over !ta band. As the 
Bitermitron is swept, its bandpass moves to include the frequency of the 
victim radar, and the negative bias on the Phantastron grid increases with 
the Increasing video signal. The Increasing negative bias reduces the sweep 
rate and eventually stops the sweep when the radar signal frequency {s on 
the skirt of the Bitermitron selectivity curve. The phase relationships ars 
such that, if the Bitermitron frequency tries to increase, the resulting de- 
crease In video signal will reduce the bias on the Phartastron grid to de- 
crease the frequency. If the Eitermitron frequency trics to decrease, the 
resulting Increase in video signal wili increase the bias on the Phaniaatron 
grid to increase the frequency. 

Tks video output signal is alsc «od to trigger a gate generator, but js 
delayed sufficiently to allow the su.cie. ¢ ‘requeacy-control action to take 
place first. The gate genevator Increases the accelerator anode voltage of the 
Bitermitron until) sufficient anode current is drawn to allow the tube to go 
into full power oscillation, Simultaneously, the gate generator turns on the 
noise-source signal, which is amplified and epplied to the sole electrode. 





27-40 ELECTRONIC COUNTERMEASURES 


While the Biterm!tron is in the transmit condition, no received signal !s svai!- 
able to maintain the tube Iccked on the victim frequency. Therefore, a time- 
constant circuit is required to maintain the Phantactron plate voltage at the 
value that was established during the automatic frequency-controi action. 
The delay of the gate generator trigger {s sufficient to allow this time-constart 
circult to charge fully to the correct velue before ‘amming cycle {a initiated. 
The gate generator must also disable the automatic senaitivity-control cir- 
cult during jamming so that the crystal output will not cause any changes 
in Bitermitron grid voltage which would vary the jamming power. 

After a ‘amraing cycle, the duration of which is determined by the zate- 
generator pulse duration, the Bitermitron is returned to the receive ccud!- 
tlon, and sweeping resumes from the frequency where the jamming had 
taken place. 


27.5 The Voltage Tunabie Magnetron 


27.5.1 Description of Tubes 

The VTM (voltage-tunable magnetron oscillator) consists of tkrse dasic 
components: (1) the tube subascembly (an example is shown in Figure 27- 
32); (2) the rf clrcult or cevity; and (3) the magnet. These three com- 
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Fiovag 27-32 Voltage-tunadle magne- Fiovns 27-33 Voltage-tunable magnetron 
tron tube subassembly. components. 








ponents are aligned anw locked together to form an Integral assembly wita 
an r{ output connector and d-c input leads. Typical components and as- 
sembly are shown In Figure 27-33. Design differences made in any of the 
three basic components permit a wide variation to be made in the operating 
characteristics such as frequency range, electronic tuning range, power out- 
put, efficiency, and noise. 
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Froure 27-34 Voltage-tunable magnetron tuning characteristic and tube subassembly 
echsmatic, 


A schematic of a VT'M tube subassembly is sncwn in Figure 27-346, The 
anode structure illustrated is Interdigitali and the wave-beam Interaction 
takes plece In the cylindrical Interaction space formed by this anode and a 
nonemitting cathode or sole. A whirling tubular sheath of electrons is ob- 
tained from the hot cathcde and controlled and infected Into the Interaction 
space by means of the injection (or control) electrode. The hot cathode illus- 
trated is made of thoriated tungsten and it is protected from back heating eifects 
by the Injection electrode. It may therefore have space-charge-limited operation 
and can be designed for very long life. The injection electrode collects very 
little electron current and may be used to amplitude modulate or pulse the 
rf power output as well as to control the injected beam current. The anode- 
sole voltage determines the frequency of oscillation, and the voltage-fre- 
quency relation, as flustrated in Figure 27-34a, is proportional and linear. 

Two wideband VTM’'s which make use of standard E-magnet construction 
are shown In Figure 27-35. On the left is the GL-7398, an S-band YTM that 
produces 2 watis minimum power from 2200 to 3850 Mc. On the right {s an 
L-band VTM that produces approximately 1 watt minimum from 1000 to 
2300 Mc. These units welgh 34% and 3 lb respectively. 

The tube subassembly Itself {s quite small; a penny can cover It in any 
view, It is constructed of ceramic and metal! parts that are joined by high- 
temperature deals. This construction results in an assembly that is extremely 
rugged. The rf circuit or cavity in which the tube subassembly is mounted 
can vary considerably in form. Its function {s to provide for the electronic 
interaccion an Impedance that will produce the dealred characteristica from 
the assembly. The VTM {s noteworthy among electronically tunable micro- 
wave tubes in that a great variety of electrical performance can be obtained 
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Frovsx 27-32 ‘Yoltage-tunable magnetron tubes for wideband operation through § and 
L-Band, 


by operating the same tube subassembly with external circults having dif- 
ferent impedance characteristics. This versatility will be demonstrated later. 
The VTM has been packaged with various types of magnats. These include 





Frovan 27-36 Bowl-magnet Ficuax 27-37 Internal construction of bowl-magnet 
voltage-tunable magnetron. voltage-tunable magnetron. 
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E-magnets, #8 aiready shown, C-magnets, and bowl-type magnets. A package 
utilizing bowl-magnet construction is shown in Figure 27-36. The neat, com- 

pact, inner construction js shown ’: Figure 27-37, This unit weighs 1.3 ib 

ud deilvers 5 watts of power ove: . 250-Mc band In the S-band frequency 

range. This unit, like others [n development, operates without external cool- 

Ing and {s capable of withstanding severe mizalle shock, vibration, high altl- 

tude, and other environmental conditions. 
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27.5.2 Operating Characteristics 

Typical performance of a broad S-band production model GL-7398 {s 
shown in Figure 27-38. Typical nerformance for a broad L-band VTM Is 
shown in Figure 27-39, It should be noted that the tuning characteristics of 
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Fiourx 27-38 Power out- 
put and voltage-tuning Fiovan 27-39 Power eutput Fiovuan 27-40 High-power, 
Characteristics for wide- and voltage-tuning character- high-efficiency narrow-band 
band S-band voltage-tun- istles for wideband 1.-band uperation of a voltage tunable 
able magnetron GL7S98,  vultage-tunable magnetron, magnetron, 
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these tubes are |inear and that the frequency !s in direct proportion to the : 
applied anode voltage. This means tinat a 2:1 change in voltage produces a 
2:1 change in frequency. The “average” efficiency over the band for both 
described VTM’s is approximately 25 percent. Wideband operation Is ob- 
talned by using a circult that has an extremely low Q linpedance characterls- 
tic. With a circuit that has a higher Q Impedance characteristic, higher powers 
can be obtained over smaller electronic tuning ranges. This “narrow” band 
operation may be obtained with a center frequency anywhere in the operating 
range of the tube subassemblies. Typical dats for narrowband operation is 
shown in Figure 27-40, Approximately 40 watts minimum I[s obtained over a 
10 percent electronic tuning range at an efficiency in excess of 50 percent. 
A+ .we subassembly identical in appearance with the GL-7398 tube subas- 
sembly is used for this narrowband, high-power operation. 
In addition to complete VTM coverage on the L- and S-band ranges, nar- 
rowhand VPM ’s having lower output powers have been made for operation : 
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in the C-band region. The present frequency limit for voltage-tunable mag- 
netron power at the 1!-watt level !s approximately 6000 Mc. Voltage-tunable- 
magnetron power at the milliwatt level in the X- and K-band regions may be 
obtained by making use of S- or L-band tubes In conjunction with harmonic 
generators. Sufficient power is obtzined jor local oscillator applications, and 
the extremely linear voltage-frequency characieristic !s preserved. A num- 
ber of these VIM harmonic generator combinations are in use. 

The VTM Is capable of extremely rapid frequency medulation since the 
tube subassembly and circuit are short compared to the wavelength and 
since the velocity of ail portions of the beam may be changed simultaneously. 
It may be frequency modulated at frequencies approaching its oscillation 
frequency. Other practical considerstions, in addition to the linear tuning 
churacteristic, include the low input capacity and large modulation senaitivity 
which considerably lessen the demand on the modulatcr that must be used 
when high and varylig frequency rates are desired. Relatively small voltages 
at low input are needed to frequency modulate the VTM. 

The amplitude of the output signal of the VTM is controlled by the voltage 
on the cuntrol electrode. The tube msy be pulsed on and off at extremely 
high rates by pulsing this voltage. The control electrode collects essentially 
no electron current. Present data, though limited, indicates definite ampli- 
tude-modulation capabllities. In particular, a VTM with an electronic tuning 
range of 10 percent (ie., a narrowband version) has been varied in ampll- 
tude over a power range of better than 15:1; this variation was essentially 
linear with the control electrode voltage. 


27.5.3 Appiications 

The VTM Is weu sulted for at jeast three important roles in the counter- 
measures field. These are (1) local oscillators; (2) drivers; and (3) cuiput 
tubes. As local oscillators for swept receivers, the linear and proportional! 
tuning characteristlc makes possible feztures that cannot easily be obtained 
with other forras of voltage-tuned tubes. For such applications one tube can 
suffice for coverrge of many frequency bands by making use cf harmonic 
generaiors and power dividers. The VTM is relatively free cf spurious signal 
outputs Inasmuch as the rf structure is electrically too short to support other 
transmission modes in the operating frequency bands. There is also sufficient 
data on noise to jnadicate that the units currently available are sat!2factory 
for local-oscillator operation without further special design, and they have 
already been used successfully in such applications, 

The VTM may be used to drive a wideband amplifier for either spot or 
expancable barrage jamming. Because this type of tube has the rather high 
power output of 1-2 watts over en octave frequency range, the VTM can be 
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used to drive 2 traveling-wave-tube power amplifier and control hundreds of 
kilowatts of power over a 2:1 frequency band. It can be amplitude or 
frequency modulated, or both, and with tie advantages of easy clectronic 
tuning at low power a high degree of system sophistication becomes prac- 
theal, 

Finally, the narrowband version of the VYTM can produce 50 to 100 watta 
of output power at efficiencies approeching 60 percent and with 10 to 15 
percent electronic tuning, I¢ is weil adapted for direct output use in counter: 
measures systems requiring versatility, ruggedness, and light weight, and In 
particular appears especially attractive for drone and missile countermeasures 
systems. 


27.0.4 Future Capabilities 

The capabilities of the VTM may be extended in a variety of directions. 
First, the existing broadband §- and L-band VTM’s can be supplemenied by 
similar octave-tuning VTM's covering the entire 100-mc to 6000-mec region. 
In eddition, a different type of tube subassembly should permit extension 
of the narrow-band versions of 10 to 15 percent bandwidth [nto «-bend at a 
level of several watts. The efiiclency for tubes of this bandwidth may be 
expected to advance Into the region of 69 percent, permitting alr-cooled units 
of 100-watt output power. At the lower frequencies, larger tuning ranges at 
even higher powers may be expected. The VTM noise figure is now com- 
parable with that of any other electronically tuned device. Further reduction 
can be expected; to date little effort has been expended toward this end. 
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Ferrimagnetic, Gaseous Electronic, 
and Ferroelectric Devices 


H. W. WELCH, Jr., A. L. ADEN 


This cuapter treata separately ferrimagnetic, gasevus electronic, and fer- 
roelectric ECM devices for use below microwave frequencies, specifically 
below 1000 mc, and at microwave frequencies. For completeness, a brief 
review of the basic theory of ferrites is given in connection with the micro- 
wave applications since the microwave properties of these materials are not 
familiar to many engineers. Since the low-frequency applications are based 
on the well-known nonlinear properties of ferromaguectic material and the 
similar nonlinearity in ferroelectric materials, treatment of the basic theory 
is not considered necessary. 


I. Applications of Ferrite and Ferroelectric Materials 
below 1000 Megacycles 


28.1 Nonlinear, Low-Loss, and Temperature Characteristics of Fer- 
rite and Ferroelectric Cerazuics 
The basic characteristics which make ferrite ceramics useful for application 
In electronic countermeasures equipment are the following: 
(A) The nonlinear relaticnship between magnetic permeability » and 
applied magnetic field # characteriatic of ferromagnetic materials. 
(B) The low loss of these materials, compared to that of ferromagnetic 
metals, which makes possible their application at higher frequencies. 


28-1 
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The characteristics of both ferrcmagnetic and ferroelectric materials are 
subject to variation with temperature which, if uncontrolled, limits their 
application. The hysteresis effect, described below, further mits application 
in specific inatarces, 

These general characteristics are illustrated and useful parameters are 
defined in Figures 28-1 through 28-6. 

A typical nonlinear characteristic showing hysteresis and defining incre- 
mental permeability and dielectric constant is given in Figure 28-1. Figure 
28-2 shows the typical variation of ws or «. with biasing field # or Z. In the 
mks practical system, the units of the various quantities shown are as fol- 
lows: 


Biasing ficld H ampercs/meter E volts/meter 
Flux density B  webers/meter® D coulombs/meter® 


Incremental permeability 
or dielectric constant po _henrles/meter fa farads/metor 


Typically ao and ca are referred to as relative values with the free-space 
values as a reference, Thus 


Ma 
relative = — 
— wo 


where py = 4910-7 henrles/meter 
en relative = a 
rT 


a 10--" farads/meter. 


where «) = wae 


#8 is frequently given in gausa and #/ in oersteds where 1 gauss = 10 * 
webers/xquare meter and 1 oersted =: 10"/4# ampere turns/meter. 

Unfortunately a varlety of subscripts and units are in common uaage. ‘The 
reader Is warned to determine which Js belng used when referring to tabulated 
lnformation, data, or other references, 

The terms yu» and eo are frequently used to refer to initial values es AH or 
A&E and fi or D yo to rera, 

The losses in magnetic and dielectric materials are accounted for by giving 
wand «a complex value. Thus 


pe a pe — jee rnd qh eg! = fe” 


w/e” and &/e” are intrinsic Q of the material; 1/Q is the loss tangent. 





ee ee 


napa 1 GR EL 





FERROELECTRIC DEVICES 28-3 
Onan +048 pou s 
Mam Wi, = #) 
fa aie wid 





Ry 2 ViMe + &,) 
etfs D a 
Fioune 28-1 Definitions of magnetic and 
dielectric parameters. Fiounz 26-2 Varistions of », and «, with 
oe age ait ae ta) ME nea a blasing field. 
| or tt 
i 
* 
ai 
ai » 
= 
ill! 
Me 
i ie 





- “We a 
Temperature ‘¢ 
Fiounr 28-4 Real part of permeability of 
Hc a pe Ee ot ferramis "0-3" asa function of temperature 
Freqventy, tetlen per gasend (imaginary part of data not jmmedlately 
Fiovax 28-3 Relatlv: permeability and available). 


relative conatant ase function of frequency 
et tent ore | 
Hreqwaray = Ee bome 
te trate 6 | 


for magnesium. manganese ferrite. 
4 90 0 OM lO 19D 100 an 


Tomosrature f 


Ficuurn 28-0 Relathve dielectric constant 





Sroquency, hone 
Fiaury 28-3) Relatlve dielectele constant vs temperature, typleal ferroclectric ma 


ws frequency, typical ferroclectric material terlal, 











28-4 


Ferroxcube B.S 
EDG §).180.4 
EDG D-145 
EDG C-H0-1 
Ferroxcube B.4 
Merroxcube B-J 
Ferruxcube B-2 
Ferraxcube H-1 
EDG 1-142 
EDG A-105 


oot xn Ow ®@v Ww = 





Pa aS PS, AY Aa OS 2S TCA SD aah aero see = SE tf ASS ee ee a + 5 


emits hee © 9 








11 
ia 
iS 
14 
8 
16 
17 
18 
19 
20 
ra 


h 


oe 


Fiqnuek 28-7 Surfaces of »,, Ho, and AM for ferramle H ferrite material (P¥g, 7, Teca 
Rept. 37, LOG, The Universtiy of Michigan, Ann Arbor), 


Fiovay 28-8 p-Q plot of several ferrites. 
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Frounn 28-9 e-7-E surface for Acrovex 

“Hi-Q” 40 (Fig, 1, Tech. Rept. $3, RDG, 

The University of Michigan, Ans Arbor), 

Euee == 0.005 kv-cm:! (rms) at t ke, Cy- 

cling field, t polarity. Cycling ficld rate == 

100 kv-em:! -min-!, Data plotted only for 
Kaee increasing. 
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Fiaurk 28-10 «-7-# surface for Centralab 
D-13 (Fig, 3, Tech. Rept, §', HDG, The 
niversily of Michigan, Ann Arbor), Cen- 
tralad batch No. HSt-35, HtStosa, Kase 
m= 01 kv-cm’! (rma) at 8 ke. Cycling 
field, } polarity, Cycling field rate, 70 kv- 
em’! min !, Data plotted only for Aa. 
increasing. 


Fiounr 28-11 Q-H-F surface (Reference Section 3, p. 841, Proceedings of the Vational 
Electronns Conference, 1958, Vol, NX). 
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Typ'cal variation of relative u* and c* with frequency and temperature {s 
given in Figures 28-3 through 28-6. Temperature coefficients cf less than 1% 
relative change in » or « per degree centigrade have been obtained in com- 
mercially availabie materials, This still makes necessary the use of oven tem- 
perature control in many applications. 

Ferrites are ceramics composed of three or more oxides one of which Is 
iron in a spinel crystalline structure. Ferroelectric ceramics are usually titan- 
ates, nlobates or zirconates of barium, strontium, cadmium, or lead with 
additives to provide particular properties. Literally thousands of composl- 
tions of ferrite and ferroelectric materials are possible and hundreds exist. 
This makes the matter of selection for particular applications difficult. Fig- 
ures 28-7 through 28-11 give data on typical materiale in a form that is a 
convenient ald to the selection process. Data in this form are usually not 
svatlabie from the manufacturer ir: the completeness shown here so it is up 
to the user to make additional measurements. Figure 28-8 shows a special 
form of dats presentation that Is useful in selection of ferrite materials. 
Similar dats would be helpful in the selection of ferroelectric materials but 
is not readily available, 


23.2 Circults Using Ferrite and Ferrcelectric Ceramice 


28.2.1 Variation in Inductance and Capacitance With Biasing 
Field 

At frequencies below 1000 mc the possibility of practical application of 

ferrite and ferroelectric meterials most pertinent to electronic counterneas- 

ures is made evident by examination of Figures 2-12 and 28-15. iigure 

28-12 shows the variation in impedance of a ferzite-cored Inductance with a 
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Fiouns 28-12 Impedance in ohms vs bins = Fioune 28-13 Capacity in mleromicrojar- 

current for ferrite core torold, parailel ads vs biasing voltage for ferroetectric 

fields (Fig. 14, Teck. Rept. 61, HDG, The capacitor (Fig, 10, Tech. Kept. 61, EDG, 


University of Michigan, Ann Arbor), The University of Michigan, nn Arbor). 


d-c biasing current in the winding. Figure 28-13 shows the variation in capa- 
citance of a ferroelectric capacitor with applied d-c voltege bias (compare 
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to Figure 28-2). This variation in inductance or capacitance, subject to the 
imitations of hysteresis effects, temperature effects, and variation with 
frequency described above, can be utilized in electronic tuning of oscillators, 
mixers, and rf stages, and in magnetic or dielectric modulators for epplica- 
tion In a variety of countermeasures equipment. Examples are intercept re- 
ceivers, direction finders, automatic search and lock-on equipment, and FM 
modulators for jamming equipment. 


28.2.2 Basic Circuits for Electronic Timing 
Magnetic tuning 1s accomplished by varying the d-c rmagnetic control field 
In 2 magnetic tuning unit (Figure 28-146). This is done by varying ths cur- 
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(s) (d:) 
Frovar 78-14 Magnetic and electric tuning circults (Fig. 8, Teeck, Regt, 32, EDG, The 
University of Michigan, Ann Arbor). (a) magnetic; 0b) electric. 


rent In a control winding, and electronic means must be provided to furniau 
the required variable current 4. To obtain sufficient maximum magnetic field 
at a reasonable control current, a large number of turms is required on the 
control winding. This generally reeults in a control imductance of several 
henries. If Z is the inductance of tho control winding, the electronic means 
must furnish a ve'tage Ldi/dt to produce the desired rate of change of 
current, 

Electric tuning is accomplished by varying the d-c electric field in the 
titanate tuning capacitors (Figure 28-145). Electronic means must be furn- 
ished to do this by changing the voltage ¢. To obtain. sufficient maximum 
electric field at a reasonabie voltage the dielectric in the tuning capacitors 
is made thin. If C is the effective capacity in the control circult (generally 
4 tlmes the rf resonating capacity), the electronic means must furnish a 
charging current of C de/dt to produce 1 ‘esired rate of change of electric 
field. 

With relatively low scanning rates (#.¢., 60 cycles) there {fs uo serious 
problem in furnishing the electronic meana for elther maguetic or electric 
tuning. When the scanning rate is Increased, the control circuit design prob- 
lems become more difficult. For high scanning rates, 2 short ‘flyback” or 
return time (say on the order of 1 psec) is desired. This presents a rather 
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severe problem in magnetic tuning as illustrated by the following example: 
A rapid-scan magnetic tuning unlit tunes from 50 to 100-mc ~ignal fre- 
quency and has the following properties: 


Control inductance == 2.0 henries 
Control currert = 50 ma (max.) 


For a flyback time of 1.0 psec, the flyback voltage is found to be 
LG. = 2.0 X 0.08 X 10° = 100,000 volts 


This serves to Illustrate the seriousness of the problem not only !n control 
circult design but also In voltage Insulation in the design of the contrc] wind- 
ing itself. 

In order to improve the situation, we first note that the magnetic fleld is 
proportional to the number uf ampere turna NJ. The Inductance of the con- | 
trol winding is proportional to V', so the flyback voltage may be reduced at 
the expense of a larger control current é. 

Let us re-examine the calculation just made if NV is reduced by a factor of 
10. We then have a unit which has the following control constants for the 
same maximum NI; 

| 
i 


Control inductance == 0.02 henry 
Control current <2 500 ma (max,) 


For a flyback time of 1.0 usec, the flyback voltage is found to be 


LS = 1,02 K 0.5 & 10® = 10,000 volts 
Thus an improvement Is achieved in flyback voltage, but at a price of in- 
creased control current maximum, which imposes a difficult control circult 
design problem. 

There Is another serious effect in flyback with magnetic tuning. The con- 
trol inductance resonates with Its self-capacity C in Figure 28-14¢ and gen- 
erates a serious flyback transient if not properly damped. Since it is highly 
desirable to use pentoces for the control circuit because of thelr constant cur- 
rent property, an additional damping circuit is generslly required for rapid 
flyback to suppress the flyback transient, 

A corresponding example of rapid-acan electric tuning is a unit tuning 
from $0 to i00-mc signal frequency with the following properties: 


Capacitance in control circult = 200 pyf 
Control voitage swing == 500 volts (max.) 
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For a 1.0 usec flyback tine, ti: 3 Ayback current is found to be 
CFE. = 200 x 10-! X 500 X 108 = 0.1 ampere 


This flyback current may be easily obtained from a conventional vacuum 
tube, so the design problem is reasonaily simple. Even faster flyback times 
are possible if thyratrons are used. 

There is also no problem of fiyback transients with electric tuning. It {is 
true that the stray circuit inductance might tend to resonate with the control 
circuit capacity; however, this is easily damped. A series resistor is generally 
present for isolation purposes, so that no additional damr!ng !s required. 

There are thus a number of definite advantages in electric tuning for 
rapid-scan applications. It may also be noted that, as the signal frequency is 
increased, the control capacity C generally decreases. In this case it is seen 
that faster flyback times are possible at higher signal frequencies without 
increase in ths flyback current pulse. This is not the case In magnetic tuning 
where the control inductance does not decrease as the signal frequency is 
increased. 


28.2.8 Magnetic Modulator Cireu! 
A simple balanced magnetic modulator is ahown In Figure 28-15. It con- 
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Fiovagz 28-18 Magnetic modulator (Fig. Fiavak 28-16 Characteristics used in mag- 
9, Tech, Rept. 37, RDG, the University of netic modulator design (from Fig. 10, Tech. 
Michigan, Ann Arbor), Rept, 37, EDG, The University of Mich- 
igan, Arvin Avdor . The following substitu- 
tions have been made: Nils, Nilo, Nala 

Nil for Ho, Hy, Ha fl. 
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tf 5¢ two similar ferrl< toroid cores (¢ and 3). These are wound with 
6x J ation windings 1a ai i connected in series. These windings are ex- 
cif) by rf and dc currca: generators, giving a combined current of /, ain 
ws Ip arnperes, A dec current /,, {9 fed through an fsolating inductor L to 
'T; secondary windings 20 and 25 connected in series opposition. When 
sperly balance, the o:.tput voltage ¢, {s an rf carrier having its magnitude 
id phase related, reaper tively, to the size and polarity of the signel current 





a” 
The operating characteristic of each core is shown in Figure 28-16. Wher: 
J, = 0 both cores oper:te at point P by virtue of the d-c current Jo; an¢ .)* 
| thsze @, is equal to sero. Wien a positive signal current flows, core ¢ OP se 
ates at point a while coe } opens at point 6, Under these conditions, as 
_ fuming a sinusoidal variation of Aux density in the two cores (4.6, RB to A,a | 
i \ , Unenr portion of the curs) tls weak output voltage fs given by i 
\ Bp = w (ty ~ He) Ni Ne G 
wivere G fs », factor depending on the goometry of the cores For a linear | 
ré sion of the curve, 


\ te ee, Oe 
ae wee a I, (4r-) 


EB, =z Zaps N21; GS 
so that ‘ws transfer impedance is given by 


ONL epg ORE Nye 
cet}, 








a‘ Z i E.N,* 9 dite 
\ ant i pa s* \ dle }, 
Note th\t she tranfer impndance is independent of the geometry but & 


function of (2; and the js chara :terlatic, 

28.2.4 Ti\eReli:xation )Phanomena 

Timme-relaxa() ion effects are exhibited by both ferrites and titanate ceramics. 
In the case of Nerrites a time decrease of perineabllity is observed after a 
ferrite core is sub ect to a degazssing treatment. When used as a tuning ele- 
ment in a low-pow |r Cscillator, this effect can cause up to 3.8 percent increase 
in frequency in F, nthe G over a perlod of several hours. This wtfect Wa 
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Aen suddenly removed, the divlectric constant Tae with time, firrt 
abruptly and then slowly. When cuch « ceramic {s used es a tuning element 
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in a low-power oncillator, the frequency drops abruptly at the time the field 
is removed. This Is followed by a relatively slow decrease in frequency. The 
frequency drift substantlaliy ceases after a period of S$ to 30 minutes, de- 
pending on the material. In this respect the effect ia shorter lived than the 
corresponding magnetic relaxation. In general, the longer period ia associated 
with materials which show a large change in «. with applied electric field. 

The consequences of these effects In swept receiver applications are given 
below. 

28.3.4.1 Reduction of Tuning Range. When swept ni 60 cycles or 
faster, the tuning range wili be smaller by several perceut than it is with 
manual, arbitrarily slow tuning. 


28.2.4.2 Frequency drifi. If the amplitude of frequency svreep is re- 
duced, or stopped altogether, there will be a slow frequency drift. The drift 
will probably be small in both magnetic and electric tuning, but is shorter 
lived in the case of electric tuning. 

28.2.4.3 Sweep Waveform. If a sawtooth sweep is employed, it {s 
more satisfactory for electric tuning to use » jump-rise, slow-decay wave than 
a jump-drop, ilow-rise waveform. The reason for this i. that the ferroelectric 
ceramic responds more quickly to a jumpe-rise step-function of voltage than 
to a jump-drop step-function. A consequence of this is chat the ferroelectric- 
tuned unit is best used to sweep downward in frequency, starting at the 
highest frequency and sweeping to the lowest. 

In magnetic tuning, the frequency may be swept in elther direction, but 
there is some slight preference for sweeping upward in frequency because of 
circult considerations. This mode of sweeping requires a slow rise end abrupt 
drop in control current. Because the control tube may be ranidly cut off, 
permitting a high inductive kick from the control winding, the flyback time 
may be made somewhat shorter than in the other mode. 


28.8 Geometry of Tuning Elements 

Several configurations have been utlilzed for magnetic tuning elements. 
The simplest {s a toroid with a bias or control winding and a signal winding. 
This is In general unsatisfactory because of coupling between the two wind- 
ings. 

The slotted core configuration is shown In Figure 28-17. A typical tuning 
characteristic for an oscillator circult ualng this construction is shown !n 
Figure 28-18, 

Another structure that has given satisfactory performance is the resonant 
coaxlal line shown In Figure 28-19, Structure of the tuning unit {s shown In 
Figure 28-19¢ and installation in the yoke in Figure 28-195. Typical data 
for an oscillator using this form of tuning unit is given in Table 28-I (page 
28-59), Data for various values of tank circuit capacitance are given. 

A curve showing hysteresis for this unit is given in Figure 28-20. 
















gua- Frevar 28-18 Typical tuning characteris. 
tics for an oscillator clreult. Typical slotted 
unit shows curves for several slected cores 
of general ceramic and body, Illotted with 
general ceramic G body frequency va. con- 
trol. Current from demagnetized point 
units made from preselectet cores 
Contra! lnvde 





tlon driven by a yoke. 
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Fiowax 28-20 Tuning curve for resonant- Finu«n 28-7) Capacitor juaing units, 
line unlt showing hystercala, 
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Fioune 28-22 Ferroelectric oscillator tun- Fiouns 28-28 Teraperature effect on fer- 
ing curve (Fig, 35, Tech. Rept. 31, EDC, roelectric tuning (Fig. 8, Teck. Rept, 31, 
The University of Michigan, Ann Arbor), EDG, The University of Michigen, Ann 
rs Arbor). C vs time. Ageing after heat'ng to 
: 100°C and quenching at 25°C, Aerovoz 

“HI-Q” body No. 41, 
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Fiourt 28-24 High-power oscillator cir- Ficure 28-28 Power oascillator tuning 

cult, (Proceedings of the National Elec- characteristics (Procecdings of the Naticnal 

tronics Conference, 1955, p. 846). Voltage- Electronics Conference, 1985, p. 847). 
tunable power oscillators. 


The structure of low- and high-power (stack) ferroeiectric capacitor tuning 
units [s shown in Figure 28-21. These capacitors must be suitably encap- 
sulated to keep out molsture. 

A typical oscillator tuning curve is shown in Figure 28-22. The hysteresis 
effect is evident. The effect of temperature on tuning is shown In Figure 
28-23. 

In Figure 28-24 a high-power oscillator circuit is shown. In this case the 
capacitor was bullt in a stack with radiating fins between eiements. The 
effect of self-heu.ing of the capacitor is Indicated in Figure 28-25. At high 
power levels the tuning is aimost eliminated because of change in ceramic 
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characteristics with temperature. This oscillator was operatiag at about 5- 
watt jevel for the high power level and at about 100 milliwatts for the low 
power level. 


28.4 Electronically Tuned Intercept Receivers 

With the basic tuning elements just described it is possible to construct 
scanning receivers with a variety of characteristics. Details of the design 
problems will not be covered here. It is evident fromm what has been discussed 
that further research is indicated to minimize problems in the following areas: 

(1.) Temperature (through selection of materials, thermostatic oven con- 

trol, or use of afc). 

(2.) Hysteresis effects and flyback transients (through design of suitable 

aweep circults),. 

(3.) Tracking problems in superheterodyne receivers (through material 

selection and circult design). 

(4.) Control power, voltages, and currents. 

(5.) Time-decay (through crystal control or other stabilizing circults), 

Advantages of electronic tuning are In the possibility ¢ Increased scanning 
rates, reduction of weight, size, and cost, and elimination of other disadvan- 
tages of mechanically tuned receivers. 

Recelvers have been constructed for use in the frequency range from 50 
kc to somewhat less than 500 mc. The number of tuning heads varies with 
the apecific design. It is possible to cover the range 50 mc to 500 me with 4 
or 5 leads. Below this frequency about 2 or 3 heads for each decade of 
frequency is required. 

Expected Improvements in materials should make the application of these 
materials more widely accepted and used. 


ll, Microwave Applications of Ferrimagnetic Materiais 

One of the significant recent advances in microwave technology has been 
the achievemen: of nonreciprocal and electrically controllable circuit ele- 
menis through use of the preperties of special materials. One area of appil- 
cation utilizes the properties of ferrites and ferrimagnetic garneta under the 
influence of static magnetic fletds. These media derive thelr useful microwave 
properties primarily from Interactions between electrons in the medias end 
incident microwave signals. These interactions are strongest when the fre- 
quency of the microwave signal coincides with the natural resonant frequency 
of the electrons, which in turn is directly proportional to the effective applied 
magnetic field. The fact that a gross material property such as permeability 
can be controlled hy means of an applied mugnetic field, and that It can be 
used to give both reciprocal and nonreciprocal microwave effects, makes these 
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materials of apecial interest for microwave applications. 

The following sections review some of the fundamental characteristics of 
ferrimagnetic materials and describe the utilization of these characteristics 
for device applications, with particular emphasis to some of the special prob- 
lems of countermeasures. 


28.5 Fundamental Characteristics of Magnetic Ferrites 


28.5.1 Structure 

Ferrites are nonmetallic magnetic materials They are made of a hard 
ceramic with a crystalline structure similar to th«* of the mineral spinel, 
VigAl,O,. Most ferrites can be expressed by the . We chemical formula 
XFe,0,, where X is a bivalent metallic lon. The oxyge. ‘ons }uve radii of 
1.4 A, which is roughly twice that of the X++ and Fe+++ Jones. duost accept- 
able metal ions have radii of 0.6 to 10A. Commonly used metal fons are 
those of magnesium, manganese, and nickel. 

In w ferrite, the large oxygen ions form a face-centered cubic structure of 
spheres. The small metal ions are located In the resultant interstices. If the 
oxygen geometry is examined, {t is found that two kinds of interstices exist. 
One interstice is surrounded by 4 oxygen fons and is called a tetrahedral site. 
The cther Interstice is surrounded by 6 oxygen atoms and {s called an octa- 
hedral alte. A unit ferrite crystal cell consists of a lattice of 32 oxygen ions 
containing 96 interstices. Of those, 64 are tetrahedral sites and 32 are octa- 
hedral sites. The 24 metal fons in a unit cell of the spinel structure are dis- 
tributed with the 16 trivalent fons in octahedral sites, while the 8 divalent 
fons are found in tetrahedral sites. There is a second common ferrite struc- 
ture In which the 8 divalent metal jons replace 8 o! the iron jons in the octa- 
hedral sites. The © displaced trivalent iron fons then occupy tetrahedral sites. 
This distribution Is called the Inverse spinel structure. 

The ferrimagnetic garnets are formed from oxides of rare earth metals like 
yttrlum and gadolinium. The chemical composition fs 3Y,0s*3Feg0;. These 
materials Lave properties very much like the ferrites and, because of nar- 
rower Intrinsic IIne width, are superior for some applications. 


28.5.2 Magnetic Properties 

Fundamentally, the magnetic properties of every material is determined 
by the behavior of the electrons it contains, since the nuclear contribution is 
negligibly small in comparison. The magnetic effects ave due primarily to the 
spins of the electrons and to a much smaller degree to their motions in atomic 
orbits. In all atoms the electron spins tend to pair off against each other so 
that the net magnetic moment of the atom is reduced to that of a few of its 
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electrons, and in many ctome the spins are all paired againet opposing spins 
so that the atom has no net magnetic moment due to sninning electrons, The 
latter are the atoms which are diamagnetic, having only the magnetic effects 
due to orbital motions. Ferromagnetic materials are composed of atoms hav- 
ing permanent magnetic moments due primarily to unneutrelised electron 
apins. In addition, very large Internal forces cause neighboring dipcles to line 
up parallel to one another, a condition of self-saturation. 

The domain theory of magr ‘‘in of a ferromagnetic material sssumes 
that the material is composed o. . ay smal! regions or domains, each mag- 
netized co saturation in some direction. In the absence of an applied magnetic 
field, the directions of saturation of the domains are in general distributed in 
a way such that the resultant magnetizaticn of the specimen as a whole is 
zero. 

In the usual ferromagnetic domain the magnetic moments are all in parai- 
lel allgument. In the ferrite, however, lons in the octahedral site have mag- 
netic moments that are usually aligned antiparallel to those in the tetrahedral 
sites. In general, the intensity of magnetization will be different for the two 
sites and the total magnetization is a combination of these two sites. This 
principle, which Is called ferrimagnetism, is {llustreted in Figure 28-26. This 





Fiauay 28-26 Tomperature de- Fiourz 28-27 Magnetization processes, (a4) Unmag- 
pendence of saturation magneti- netized; (6) magnetized by domain growth or boun- 
zation for somo ferrimagnetic dary displacement; (c) magnetized by domaln 
materlals, (a) Contribution of rotation. 
A-site lons; (0) contribution of 
H-alte lona; (¢) resultant mag- 

netization. 


magnetization curve is but one of eight that has been predicted from this type 
of model. The temperature at which the magnetism goes to zero la called the 
Curle temperature, 

The magnetic moment of any one domain is specified by the magnitude and 
direction of its magnetization and by its volume, When a field is applied, the 
moment of a domain, and therefore the magnetization of the ferrimagnetic 
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material of which it is a part, is ordinarily changed by (a) the growth of 
domains orlented favorably with respect to the field direction at the expense 
of domains less favorably oriented (domain wall displacement), or (5) 8 
change in the magnetization direction of the domain by rotation toward the 
applied field direction (domain rotation). These conditions are Illustrated in 
Figure 28-27. 


28.5.8 Losses in Ferrites 

Ferrites absorb energy from an electromagnetic radiation fleld by Interact- 
ing with both the electric and the magnetic flelds. The losees due to interac- 
tion with the electric field are generally known as dielectric losses, while those 
refuiting from interaction with the magnetic field are called magnetic losses. 
Both the dielectric and the magnetic losses can be accentuated by dimen- 
sional resonances which are common at microwave frequencies because of 
the large effective dielectric constant of the maierial, 

In many ferritea the dielectric loss tangent, or the ratio of the imaginary 
to the rea] component of a complex dielectric constant, is small. However, 
this is not always the case, and a low dc conductivity is not a sufficient cri- 
terion to impose for low microwave dielectric losses. Some ferrites appear to 
contain highly conducting regions isolated by an insulating matrix and ex- 
hibit high microwave dielectric losses. Conductivity measured at audio fre- 
quencies will show a strung frequency dependence if the material is of this 
type. The conducting Islands act as plates of a condenser separated by the 
grein dimensions. Although the d-c conductivity within a grain may be high, 
the measured values across grain boundaries will often be low. 

Magnetic losses in ferrites with > applied static magnetizing field gener- 
ally occur In two regions. On: « . —s In the rf range under 500 me and is 
due to domain wall displacenunt:: the other occurs in the microwave range 
and !s due to domain rotations. Both of these phenomena generally occur 
over a wide frequency range and thus constitute large regions of high mag- 
netic loss. The losses due to domain rotations constitute the major micro- 
wave loss present wher: there is no applied static magnetic field, or when the 
applied magnetic field is small. They can be explained In terms of a ferro- 
magnetic resonance with the effective Internal fleid in the ferrits, which 
exists even In the absence of an applied field. The upper frequency at which 
this resonance occurs can be reduced by lowering the saturation marment of 
the material. 

Almost all microwave applications of ferrites are based on either the loss 
or dispersive properties due to ferrimagnetic resonance under the Influence 
of an applied static magnetic field. Accordingly, this phenomenon {s worthy 
of special discussion. 
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28.5.4 Ferrimagnetic Resonance 

When a ferrite is magnetized, the magnetic moments of the electrons pre- 
cess about the effective stationary internal magnetic field. If & rotating rf 
magnetic fieid is applied in the opposite direction of rotation to thet of the 
precession, thers Is littie interaction between the 4eld and the electrons. How- 
ever, a field which is rotating in the same direction as the electrons has a 
stronger coupling because the field vector and the spin vector are parailel 
for a longer period during each revolution. As the frequency of the field 
rotation approaches that of the electron precession, the two vectors remain 
parailel, and the electron Is able to absorb energy continuously from the field. 
This Is the condition 1. ferrimagnetic resonance. 

A simple mechanical analee to the precessing electrons responsible ‘for 
ferrimagnetic resonances is shown In Figure 28-28. The spinning top precesses 





Fiourge 28-28 Mechanical analog to an electron preceseing in a magnetic field. 


about the earth's gravitational field. Ii a thin string is attached to a point on 
the axis of the top, energy can readily be transmitted to the top by rotating 
the other end of the string in a smaii circle whose center fo:lows the projec- 
tlon of the precession path of the top. If the end of the string is circled in 
the same direction az the top is precessing, a maximum amount of energy {s 
transmitted to the top when these two angular frequencies are the same. 
Under these conditions the system is in resonance. If the end of the string 
Is rotated In the oppesite direction, very little energy is tranamliied to the 
top. 

In the model described, the top is analogous to an electron of a ferrimag- 
netic medium and the earth’s field to the magnetic field required for preces- 
sion. The driving force at the end of the string is analogous to a force on an 
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electron arising from interaction with the rotating magnetic field of a cir- 
cularly polarized rf wave. Ths frequency at which the electrons precess about 
a stationary magnetic eld ts directly proportional to the magnitude of that 
field. To observe resonance one has the choice of varying elther the operating 
frequency or an applied field until the operating frequency equals the pre- 
ceasion frequency of the electrons. 


28.5.5 Permeability Tensor 

When a microwave magnetic field is present in @ ferrite that hay a static 
magnetic field applied to it and the microwave field is in any direction other 
than slong the static field, then the electrons precessing about the ctetic 
magnetic-field direction will interact with the microwave field. Tey couple 
energy out of the microwave field and deliver it back, but part of it is 90° 
out of time and soece phase with the driving microwave fisid. Thus, the rela- 
ticuship between the magnetization and the ‘nducing microwave magnetic 
field is not the usual scalar type of relation but rather a tensor type. ‘This 
réeans that the magnetization In a given direction depends not only on the 
inducing field in that direction but upon the field In other directions as well. 

The motion of the magnetization for the lossless case ia given by the torque 
equation 


mM y(M x H) (28-1) 
where H = Hy. + & = internal magnetic field 

M= M, + mm = magnetization of medium 
No == static magnetic field {n s direction 

A == a-c magnetic feld 
M, = saturation magnetization in * direction 

m =< a-c magnetization of medium 

y == gyromagnetic ratio of the electron 


~ 2.8 mc/oerated or -~ 2 (2.8) megaradians/oersied 


The mathemz:::s is simplified if a coordinate axis is chosen along the direction 
vi the static ~agnetic field Ho. Ho is assumed to be large enough to meg: 
netically saturate the ferrite and to be much larger than the rf magnetic-fleld 
components. Harmonic time denendence is assumed for the alternating mag- 
netic field and magnetization, and terma of second order in small quantities 
are negiectec. ‘Then the components of Eq. (1) are: 


jw™ , — yom, = yM. hy 
jum, =. yhf,A, — yHom, (28-2) 
jum, = 0 
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Solving for the magnetizations In the x and y directions gives 


Anim, = yh, — juh, 


dem, xn Jaks + xhy om 
where 
_ 4nhf *H, 
x= TH, — oF (28-4) 
and 


4aMf 
r= ae (28-5) 


It can be seen from Eq. (4) and (5) that resonances will occur whenever 
oe = |y| Mo, which is the ryromagnetic resonance condition. Loes has been 
neglected here; Including it makes both x and « complex Instead of real. 

The permeability for tne infinite medium is a tensor® relating the flux den- 
sity and magnetic field 


b = [ujh (28-6) 
where 
» — jx 
lu] = (ie ps °) (28-7) 
0 0 
and 
[mj = 1 + x 


It is this infinite-medium permeability tensor which must be used in Max- 
well’s equatinns for regions containing ferrites. it !s assumed in Eq. (7) that 
the static magnetic fleid is along the s direction. 


23.5.6 Microwave Propagation in Infinite Medium 
The propagation conditions for e plane wave propagating in an infinite 
ferrite medium are determined from the solution to tne vector wave equation 
VX JV Xk BX e{alsA = 0 (28-8) 


where By == free-space propagation constant 
er == relative dielectric constant 
[w| == permeability tensor given by Eq. (7) 


Two special cases are considered below. 


*Tensors are Indicated by brackets, 
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2§.5.6.1 Magnetic Field Parailel to Propagation. Microwave appli- 
cations of ferrites were first developed with propagation parailel to the ap- 
plied magnetic field. For this case the two solutions to the wave equation for 
the anisotropic medium represent cuunterrotating circulariy polarized waves. 
One of the waves is rotating In the direction for maximum Interaction with 
the precossing electrons of the magnetized’ medium, while the other wave is 
rotating in the direction for minimum Interaction, Each direction of polariza- 
tion is characterized by a different effective scalar propagation constant. 


B+” = Bota(u x x) (28-9) 


The plus and minus subscripts correspond to right- and left-hand circularly 
polarized waves, 
The effective scalar permeability for the two waves is 


Be She eel + (28-10) 


where » ls a negative number, », is the 

effective permeability for tne wave that 

interacta strongly with the precessing 

‘ electrons and, as shown in Figure 28-29, 

Lt resonance occurs when Myo = w/|y |. 

ee are es ee Thus It is seen that Infiniteemedium 

plane-wave theory Indicates thai the two 

circular polarizations are the normal 

tara OCS leading to scalar permenbilities In 
the wave equations. 


= ee 








24.5.6.2 Magnetic Field Perpen- 
dicular To Propagaticn. An infinite 
Finuan 28-29 EANectlve permeabliitiea for ferrite medium magactized perpendic- 
right- and left-hand clrculariy polarized atar tg the direction of wave propaga: 
waves In Infinite medium magnetized Par 104 behaves like an isotropic dielectric 
allel to direction of wave propagation. 
if the rf magnetic field is parallel to 
the direction of magnetization. If the rf magnetic field is normal to the 
direction of magnetization, different propagation characteristics are exhibited. 
Solution to the wave equation gives the fcllowing for the propagation con- 
atants:; 


e 


By" = Borer (28-11) 
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B® z= Bote(y? —~ «*)/p (28-12) 


An effective permeability can be ascribed to each of the two waves. For an 
rf field parallel to the direction of magnetization the effective permeability is 


my = (28-13) 


If the two are perpendicular, th2 effective permeability becomes 


a 


ieee, = PMB -: oF 


a (28-14) 


A plot of the two effective permeabi!.ties 1s shown in Figure 28-30. Retonance 
occurs for the perpendicular wave when w == (HoB)"/| y |. 


26.5.7 Kittel’s Equation for Bounded Medium 
The previous relaticnships apply for propagetion in an infinite ferrite 
medium, In using the results for prac- 
tical applications, it is important to 
understand the effects of the ferrite 
shape In determining the microwave 
characteristics, When a ferrite body 
is placed In an applied magnetic field, 
a magnetization !s induced within the 
body. This magnetization terminates 
on the surface of the ferrite body, 
creating magnetic poles on the sur- 
face. Theso poles are the source of 
a field within the ferrite, commonly 
cated the demagnetizing field. It is 
Fiaure 28-30 KEifective permeabilities for opposed to the applied field. The 
the infinite medium magnetized normal to proportionality constant between the 
direction of wave propagation. demaynetizing field and the magnet- 
ization M is called the demagnetizing 
factor NV. The demagnetizing factor ts thus a measure of the effectiveness of 
the pales wt the surfsce of a fernte body in mrcducing ea fleld Inulde of the 

body. 

It can be shown that the sum of the demagnetizing factors for siiy three 
orthogonal directions is 47.* For example, in a long rod magnetized along its 
axis, the poles are widely separaied, the induced demagnetizing fieid is very 





©For magnetic induction defined by B =x pol + 40d). 
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weak, and thus the demagnetizing factor slong its axla is gero. A thin disk 
magnetized along {ts axis has very cloae poles and a lerge dermagristizing field. 
Hence the demagietizing factor along the axis of the disk is 47. These ex- 
amples are the extremes; for other shapes the demagnetizing factor for a 
given direction is between 0 and 4z. 

The relation between the internal field Ay, the applied field A,»,, and 
the demagnetizing ficid NAZ in « given dissection is 


Frat — Havyp w= NM (28-15) 


This equation is exactly valid only for the case of an ellipsoid since only then 
is the demagnetizing factor a constant. However, thia relation gives reason- 
ably good results for shapes such es disks and rods which are only approxi- 
mately ellipsoidal. If Eq. (15) is written for the three directions and these 
internal Aelds substituted Into the magnetic torwue equation, a relation be- 
tween the ferromegnetic resonant frequency wre. and the appiled fields fs 
found. This relation is commonly called Kittel’s equation. It can be written 
formally as 


wres = | y | Hore (28-16) 
where the effective magnetic fleld Hore is given by 
Hou == { [Lapp = (N, 7% N,)M,|) [ Happ ce (Ne ai N,)M,])}* (28-17) 


and the applled field !s In the s direc- 
tlon, Figure 28-31 illustrates several 
cases of Kittel’s equation and shows 
that the effective magnetic field can 
be elther greater ot ieas than the ap- 
olied field, depending on whether the 
ferrite sample is more rodlike or more 
diskiike. 

——— An additional fact which can lead to 





Hie —_ Eee 


F:ovan 28-33 rerromagnetic resonance 
frequency as a function of applied mag- 
netic field, iustrating the shape effects for 
a aphere and two extremes of a rod with 
lenath much greater than dlameter and a 
disk with diameter much greater than 
thickness, fap» ia along axis of both rod 
and disk. 





confusion fy that the terms above, at, 
und below the resonant frequency are 
synonymous, respectively, with below, 
at, and above ihe rescnant field. This 
can be shown by the following argu- 
ment. Suppose a ferrite iu excited at 
frequency w (actual) and has a mag- 
netic field applied to it which deter- 
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mines an effective field Ha (actual). Assume that the fleld Hoe (actual) is 
not the field for resonance at the frequency » (actual). The effective field 
necessary for a resonance st w (actual) ls Hoe (res). The resonant frequency 
associated with Hor (actual) is w (res), In equation form, 


w (actual) = | 7 | Hoe (res) and w (res) == | y | Here (actual) (28-18) 
Thus if 
w (actual) > w (res) (28-19) 
then 
Hore (actual) < Hore (res) (28-20) 


The two Inequalities show that operation at a frequency above the resonant 
frequency ia aynonymous with operation at a field below the resonant field. 

To review: the following ia a listing of the various fields thet have been 
defined, 


Hayy = the applied static magnetic field from external sources 

fin, == the magnetic field Inside the body 

M = magnetization or magnetic moment per unit volume 
(fd, == magnetization at saturation, when all the domains are aligned 
in a single direction) 

Vad, == Uermagnetizing field in the ith direction 

Huge == effective magnetic field, a fictitious fleld defined by Eq. (17) 


28.6 Ferrite Micrcwave Device Principles 

Ferrite microwave devices make use of the dispersion characteristics of the 
ferrite permeability due to Interactions of electrons in the ferrite with the 
incident microwave signals, As shown in Section 28.5.6, the normal r-odes of 
propagation ere circularly polarized waves. Strong interaction occu: sor an 
electromagnetic wave circularly polarized in the same directlon as that in 
which the electrons are precega!ng (plus direction), while only weak Inter- 
action occurs for a wave circularly poiarized in the opposite (minus) direc- 
tion, Accordingly, for device applications, a piece of ferrite generally is placed 
ina region of circular polarization, or for certain applications In a region of 
linear pelarization, which can ve decomposed Inga Its two circular components. 

The shape of the diapersion curve us a functlon of magnetic fleld leads to 
three general principles of device operation: resonance absorption, fleld dis- 
placement, and difiecentia! phase shift or Faraday sotatlon, This is ilise- 
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Fioung 28-32 Effective permeabilities for right- (+) and left- (—) hand circularly 
polarized waves. Propagation parallel to magnetic field, showing magnetic field bias 
required for varicus device principles. 


trated schematically in Figure 28-32 for the case of propagation parallel to 
the applicd magnetic field. For epplications based on resonance absorption 
(region I), the effective applied magnetic field is adjusted until the electron 
precession frequency equals the frequency of the microwave signal. Then for 
circularly polarized waves there le a large energy absorption while for nega- 
tye clrcularly nolarized waves the loas remaliia low, Application In region IT 
are based on the fact that plus waves are largely excluded from the ferrite, 
because the propagation constent of tha ferrite is approximately zezo, while 
minus waves can propagate through the ferrite in normal fashion. Applica- 
tions in region IIT are possible because differeniial phase shift or Faraday 
rotation depends on the difference between the two permeability curves. 

Devices based on these three principles are discussed in more detail besow. 
Applications based on longitudinal and transverse magnetic feild are discussed 
separately, 


28.5.1 Applled Magnetis Field Parailei io Direction of Propaga:- 
tlon 


28.6.1.1 Faraday Rotation Appliceticns. In 1845 Faraday passed 
light through a foll magnetized In the direction of propagation and observed 
a rotation of the plane ui polarization. He also observed that the angle of 
rotation, proportional to the thickness of material traversed, i: a function of 
the appiled magnetic field and is In the same direction whether the wave is 
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ropageted in the direction of the magnetic field or opposite to it. These 
same phenomena have been cbserved in the microwave region and are in 
qualitative agreement with the predicted results. 

Ths relations given in Section 28.5.6 are of speciai intereat because any 
linearly polarized wave may be resolved into two counterrotating circularly 
polarised waves providing compatible boundary conditions exist. Equation (9) 
shows that the two circular components of a linear wave are propagated with 
different propagation constants corresponding to different phase velocities. 
Upon emerging from the anisotropic medium and recombining, the two cir 
cular waves result in a linear wave rotated relative to its init!el orlentation. 
Since #4 -« A_, It is apparent that the resultant of the two circular waves is 
rotating in the direction of the one with the larger phase factor. The effective 
phase factor is (8s -+- 8.)/2, and the plane of polarization is rotated by 
an angle 


Oy = (B~ — By) 8/4 (28-21) 


This rotation is known as Faraday rotation. Substituting from Eq. (9) and 
(10) into Eq. (21) yields 


om [+ a) ~ (se) ] on 


Tre magnetic-field dependence of 
the Faraday rotation is {llustrated in 
Figure 28-33. The rotation Is roughly 
near with fleld up to the point o! 
magnetic saturation, which normally 
occurs for applied fields under 100 
oersteds, The rotation then remains 
essentially constant until field values 
approach the region of ferromagnetic 
resonance. 

There exist a large number of micro- 
wave devices based on Faraday rota- 
tion. Some cf these depend on a fixed 
Frauen 28-35) Dependence of Faraday ro- rotation, and others depend on varla- 
tatlon on magnetic fleld at constant fre- tions in rotation controlled by changes 

eee in the applied magnetic field. 

Faraday rotation devices are generally constructed with ferrite rods 
mounted coaxially in circular or square waveguides or any structure having 
fourfold rotational symmetry. The rod is magnetized alung !ts axis In one of 
several different ways. For variable magnetic fields, a solenoid is generally 
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wound about the waveguide containing the ferrite rod. Fixed longitudinal 
fields are achieved by placing small permanent rod magnets inside the wave- 
guide between two ferrite rods, or by placing ring magnets around the out- 
side of the waveguide; the smaii rod magnets Introduce widvsirable frequency 
sensitivities for certain applications. 

Tsolator, One of the first recognized applications of magnetic ferrite micro- 
wave properties was that of a one-way tranemission aysiem, or a load 
leclator, using Faraday rotation. The manner in which this js achieved is {i- 
lustrated in Figure 28-34. The ferrite sample length and the biasing magneti< 





Fiovrn 28-24 Faraday rotation nicro- Fiounr 28-58 Microwave awitch or am- 
wave jsolator. plitude modulator, 


field are adjusted to give 48° Faraday rotation, Then, energy entering the 
generator end polarised along a is rotated 45° by the ferrite to 5. This polar- 
ization js acceptable to the output waveguide; hence there is transmission 
with low loss, Energy reflected from the load enters the rotator polarized 
along 5 and {fs rotated 45° by the ferrite into the direction c where it Is ab- 
sorbed by a resistance card. Tuz, the nonreciprocity is due to the fact that 
the ferrite rotates the plane of polarization in the same direction in space 
indepencent of the direction of propagation. 

eCicrewave Switch og Amplitude Modulator. Another possible appiication 
is suggeated by Figure 28-35. Here the magnetic field can be varied so that 
the Faraday rotation varies from 0° to 90°. For zero rotstion, maximum 
energy will be transmitted, and for 90° rotation negligible energy will be 
transmitted. Varying the magnetic field produces an on-off switch or provides 
amplitude modulation. Typical characteristics for this type of switch are 
maximum and minimum attenuations of approximately 30 db and 0,25 db, 
respectively, and a d-c power requirement of about 1 watt. 

Microwave Gyrator, A gyrator is an element for which the impedance 
matrix off-diagonal elements 2Z,; are the negative of Zy. The gyrato: is similar 
to the device shown in Figure 28-34, except that the wavegulde twisi and the 
Faraday plate each give 90° rotation. A wave passing from left to right re- 
celves 180° rotation or 180° phase shift, while one passing from right ts left 


, 
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receives none. The gyrator ja a fifth net work element which can be uszd as a 
basic circult element for network synthesis, It is comparable fn theoretical 
significance to the capacitor, resistor, inductor, end transformer. 

Microwave Circulator. The circulator iu a multiple port device designed to 
transmit a signal from ons of its ports to an adjacent port while isolating the 
signal from ail other ports; that is, a signal into Port One goes out Port 
Two; a signal inte Fort Two goes out Port Three, etc.; and a signal into 
the last port goes out Port One. The usuai Faraday rotation circulator has 
four ports, each with polarization orlentation ao shown in F'~ ¢ 28-36. In 

the center section 's . - Faraday 

‘ [Sa plate. Incident power with orlentation 

‘wat '  @ le turned into polarization 5. Simi- 

lariy, 5 is turned into ¢, c into d and 
2 Into a. 

Feedback Amplitude Stabiliser. A 
Gevice similar to the amplitude modu- 
lator can be used as a control element 
to give constant amplitude from a 
sweep osciilator. A sensing element 
controls the current to the rotator solv- 
nold in auch a manner es to counteract 
Fiounn 28-36 Faraday rotetion micro- changes in output amplitude. 
wave circulator and achematic aymool for polarisation Detection and Module: 

womans. tion, Fareday rotation is useful for 
rapidly determining the orientation of the linear 7H,; wave in a circular 
waveguide. A detector located in a predetermined direction shows a maximum 
output when the slgnal is retated inio that plane by a Faraday rotator. A 
rotator also can be used to modulate the polarization of a transmitted signal. 
28.6.1.2 Microwave Energy Displacement Applications. A lurge dif- 
ference in the energy distribution can be obtained for the two counter- 
rotating 7'£,, modes in a circular waveguide containing a ferrite rod. 
Equation (10) aid Figure 28-32 indicate that a ferrite rod magnetized along 
its axix presents an cffective rf permeability of between 1! end 2 for a negutive 
circult polarized wave. For the positive wave, the field can be edjusted so 
that the effective rf permeabiiity becomes very small and negligible energy 
is transmitted through the ferrite rod. With the large dielectric constait ¢, 
normally possessed by ferrites, the product uc, may be sufficiently large to 
permit the negative wave to propagate within the ferrite rod as In a dielectric 
waveguide. 
Energy displacement due to a magnetized ferrite also can be used to make 
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isolators, microwave switcnes, or amplitude modulators. The microwave 
geometry used js similar to that shown in Figure 28-37, 

Energy Displicemsnt Isolaior, A 
unidirectional tranemission line can be 
constructed by adding «quarter-wave 
plates before and after s ferrite rod 
with an absorber Inserted in it. For the 
forward direction of propagation, for 
which the quarter wave plate converts 
a linear wave to une having positive 
circular polarization, the wave tenda to 
go around the ferrite with small In- 
sertion loss. For the backward direc- 
tion of propagation, the negative 
circularly polarized wave tends to con- 
centrate Inside the ferrite and is absorbed, givine a high Isolation. The ab- 
sorber also may be coated on the surface of the rod with s!milar resuits. 

Microwave Sultch or Amplitude Modulator. Amplitude modulation can be 
achieved by applying an alternating magnetic field to the basic isolator de- 
scribed In the preceding section. If the anpiied fieid ta initially in tie direction 
of maximum energy transmission and is then reversed, the microwave output 
can be reduced by 50 db. As the applied field swings back and forth, ampll- 
tude modulation of the microwave energy results. 

26.5.1.3 Ferromagnetic Kesonance Absorption Applications. Equa- 
tion (10) shows that resonance occurs for the positive circular wave if 
ly | Ho = « This is the condition for which the microwave freq iency 's 
equal to the frequency of electron precession. At this frequency the vle... us 
extract a maximum arnount of energy from the wave, Although Eq. (.'. was 
derived for the loss-free medium, the resonance condition is essentially the 
same when the loss term Is introduced. Under these conditions, as shown in 
Figure 28-38, the absorption can be Increased or decreased by control of the 
magnetic field In the nelghborhood of resonance. 

Resonance absorption can be used as the basis for isolators, modulators, 
or switches and tunable filters. If the longitudinal magnetic field ia adjusted 
for the resonance condition, the positive circular wave will be absorbed by 
the ferrite and the negative wave will not be appreciably affected If the 
ferrite iy in the form of a small-diameter rod. 

Resonance Absorpticen Isolator, One geometry for achieving a resorance- 
absorption isolator is similar to that shown {n Figure 28-37. No absovber (s 
required in the ferrite for this application. A quarter-wave plate placed in 





Figsuar 28-37 Energy displacement isolator. 
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front of the ferrite, ao as to corvert a 
Mw ® liaear input wave to negative circular 
polarization, wiil permit transmission 
past the ferrite element. A second 
quarter-wave plate placed after the 
element is used to convert back to the 
initial Hnear-wave orientation. If the 
linear wave is incident from the op- 
posite directlon, it is converted to a 
positive wave relative to the magnetic 
ms - field and {s absorbed by the ferrite. 
— Microwave Switch or Amplitude 
Fiouan 28-38 Ferromagnetic resonance Afodulator. if the applied magnetic field 
absorption for longitudinal magnetic fell j. varied about some value near the 
(4) and transverse magnetic Aeld (8). oh ouider of the absorption curve shown 
in Figure 28-38, modulation results. Similarly, of-on switching can be ob- 
talned by rapidiy changing the magnetic field from resonance to off-resonance 
values. Because of the high applied fields required, modulation or switching 
by resonance absorption fer longitudinal elds js not nearly so practical as 
the use of Faraday rotation or energy disnlacement. 

Cuaxial and Strip-Line Tunable Filters, Ferrite-loaded coaxial and strip 
transmission Hnes provide geometries for utilizing tunable reciprocal reso- 
nance absorption, For these cases, a sleeve of ferrite is inserted into the co- 
axial line or a slap Is inserted Into the strip line and a longitudinal or 
transverse fleld is applied. The amount of attenuation produced by the 
element is then controllable over wide ranges by varying the amplitude of 
the applied field. 





28.6.2 Appilied Magnetic Field Transverse to Directlon of Propa- 
gation 
If a region of rotating rf magnetic field exists, a small piece of ferrite in 
this region can be used effectively to control the microwaves. Maximum Inter- 
action between the microwave energy and the precessing electrona will occur 
if the plane of the rotating rf magnetic fleld [3 perpendicular to the d-c field 
direction and if the rf fleld and electrons are rotating in the same sense. if 
they rotate with opposite senses, the interaction is very small. These field- 
electron interactions iead to the variations in propagation constant. The 
ropagation constant is actually complex, containing both phase factor und 
attenuation, which are respectively different for the two counterrotating 
waves, 
In a recrangular waveguide of a TE», moie, there are two planes parallel 
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to the side walls In which the ri magnetic field is circularly polarized. There- 
fore, if a very thin ferrits siab {a placed {n one of these planes arid magnetized 
ao that the electrons precees in the direction of rf fleld rotation, strong field- 
electron interaction reaults. Thick ferrites, however, greatly distort the empty 
waveguide fields, and the field solutions must be -alculated on the bauals of 
the loaded guide configuration. Nevertheless, simplified considerations give a 
qualitative picture of how a transversely rnvgnetized slab affects the wave- 
guide transmission properties. If the d-c magnetic fleld were reversed, or if 
the slab were placed on the oppoelts aide of the center plane, or equivalently 
if the direction of propagation were reversed, there would be very little inter- 
action between the field and electrons because their directions of rotation 
would be cpposite. These considerations form the basis for rectanguiar wave- 
guide devices possessing nonreciprocal and magnetically controllable phase- 
shift and attenuation characteristics. 


26.6.4.4 Phase-Shift Applications 

Phase Modulators, Phase modulation is ackisved by placing a small ferrite 
slab In a rectangular waveguide In & region of either near or of rotating 
microwave mugnetic fields, and amplitude medulating the transverse applied 
magnetic fleld. If a single slab of ferrite is placed in a region of circular 
polarization the phase shift will be nonreciprocal. This also is the case for 
two slabs biased aa in Figure 28-39. 
However, If ine two slabs are biased 
in the same direction the phase shift 
will be reciprocal, 

An electronically controllable phase 
shifter also can be constructed hy 
placing a ferrite In a coaxial or rétrip 
transmission line and magnetizing 
transversely or longitudinally with low 
magnetic flelds. The phase shift 

* through the element Is reciprocal anci 

Ficuae 28-39 Nonreclprocal phase shifter. is a function of the amplitude of the 
Rectangusar waveguide loaded with max- magnetic field. 

netlzed slab of ferrite in a manner so aa Circulators. Figure 28-40 Illustrates 

ta make it nonreciprocal. a ferrite circulator utilizing the differ- 

ential phase shift of a transverse'y magnetized ferrite aiab in rectangular 

waveguide. A gyrator having a differential phase shift of 180° ts placed In a 

closed loop with two magic tees. Consideration of the relative signal paases 

shows that # signal introduced at A cmerges at B, BC, C-»D, and DA. 

Another type of differential phase shift circulator is shown In Figure 28-41. 
Here, a 90° differential phase element is used together with a short slot 
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Fiourk 28-40 Transverse field microwave Fiovre 28-41 Differentiel phase shift fer- 
circulator. rite circulator with schematic symbol. 


coupler and a folded hybrid tee. This type has an advantage over that shown 
In Figure 28-40 since only half as much phase ehift is required. 

Single Sideband *foduiator, A alngle sideband modulator can be built util- 
Ising two querter-wave plates and « cleverly dealgned 180° differential phase 
shifter. The ferrite element !s transversely magnetized to give {80° phase 
differential between signa! components parallel to and perpendicular to the 
magnetic field. The analog of a rotating half-wave plate is crested by using 
two paira of electromagnets set up perpendicular to each other and to the 
waveguide axis and excited in time quadrature. By placing the phase shifter 
between the quarter-wave plates the output wave {fs continuously shifted In 
phase, producing single sideband modulation. 

Electronic Scanning. The radiation pattern of an untenna can be altered 
by shifting the phase distribution at the feed. The pattern resulting from 
waveguide alot antennas can be altered by adding a tr. asversely magnetized 
ferrite siab in the waveguide to change the relative phases at the slots. 

The possibilities of electronic patiern control by tne use of ferrites are 
relatively untapped and seem promising. 


23.6.2.2 Microwave Field-Displacement Applications. A ferrite slab 
inserted In the £-plane of « rectangular waveguide can serlously distort the 
microwave flelds. The flelds near the ferrite are dependent on the direction of 
propagetion and can be made to differ appreciably for the different directions. 
Such field displacement effects can be used for a variety of applications. 

Field Displacement lsolctors, Several methods are used fur achieving lacla- 
tion by tnicrowave field displacement. A common method {s to design the 
structure so that for one direction of propagation the fleld is displaced Into 
an absorbing load. ‘The absorber may be placed on the ferrite. 


Amplitude Modulator. As described before for the longitudinal field case, 
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the amplitude can be varied by changing the biasing field so as to vary the 
field distribution !n the vicinity of the absorber. 

22.6.2.3 Ferromagnetic Resonance Absorption Applications. Reso- 
nance absorption is possible regardless of the microwave magnetic field 
configuration. If a ferrite is iocated In a linear microwave magnetic field. the 
resonance frequency is shown by Eq. (14) to be w = | y |(BH)". 

The same devices can be constructed using ferrites with trausverse applied 
magnetic fields as were constructed for ferrites longitudinally magnetized to 
resonance. A ferrite siah Is placed In the H-plane to one side of tie center Iine 
of a rectangular waveguide and megnetized along the &-plane. Since the fer- 
rite js located in a region of rotating microwave magnetic fields which 
otrongly interact with the precessing electrons for only one direction of prop- 
agation, resonance absorption occurs for only the one direction of propaga- 
t!on. 

Resonance Absorption isulator, Resonance isolators constructed in rec- 
tangular waveguides with transverse app'ied magnetic fields give high {sole- 
tion to insertion-loss ratios and are the most common 1,ype of izolator In use. 
In one of its slmpler forms, a ferrite slab is mounted in the guide as shown 
in Figure 28-42 and the applied mag- 
netic field {s adjusted for resonance, If 
the microwave magnetic field is ro- 
tating in the positive sense with respect 
to the applied d-c magnetic fleid, large 
absorption can be achieved. For the 
opposite direction cf wave propagation, 
the microwave field rotstes in the 
negative sense in the plane of the fer- 
Fioune 23-42 Transverse field resonance rite ancl negligible absorption occurs. 

reer. A variation of this geometry is to cut 
out the center section of the ferrite so that two small slabs go only part way 
across the guide. Front-to-back loss ratios of 100:1 at single frequencies can 
be obtained using this geometry. In general this geometry has given band- 
widths of the order of {0 percent. However, by ‘toading the structure with 
appropriate dielectric materials, the bandwidth can be Increased to approxi- 
mately $0 percent. Dleloctric loading also improves the electrical character!s- 
tics by concentrating the microwave energy in the vicinity of the ferrite. 


24.6.3 Applications Based on Nonlinear Effects 

Probably the most promising area for new applications of ferrimagnetic 
materials is based on utilizing the nonlinear properties. For small signals the 
magnetic moments in the ferrite can be considered to precess aa a unit Ina 
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unlform precessional mode. However, aa the signal level is increased a 
threshold is reached above which energy is coupled from the uniform pre- 
cessional mode Into higher-order spin-wave modes. This results In anome!ias 
in the propagation conditions which show promise for a variety of applica- 
tlons. The nonlinear effects depend on the type cf material, the sample shape, 
and the manner of loading the microwave structure. 


28.6.5.1 Harmonic Generation and Mixing. By driving a ferrite or 
ferrimagnetic garnet into the norlinear region, it is possible to produce large 
second-harmonic signals. Converaicn efficiencies of greater than —4 db have 
been obtained, Indicating that ferrites are a practical means of generating 
high peak powers at high frequencies, when used as frequency doublers. 
Higher harmonics can be generated but with much lower conversion efficien- 
cies. It also Is possible to use the nonlinear properties for mixing cf micro- 
waves at high signa) levels. 


38.6.3.2 Microwar* Limiter. The sharp thresholds obtainable for the 
incidence of nonlinear absorption provide a method for bulidirng e passive 
microwave limiter. Under certain conditions cutput signals can be main- 
tained aubstantlally below 1 watt for a range of input powers, indicating the 
possibility of crystal protection by means of & circulator and Hmiter. 


28.7 Limitations 

Up to the present time ferrite devices have had certain limitations in {re- 
quency coverage, bandwidth, and power-handling capabilities which have 
restricted thelr use in ECM. In general the limitations have been due to the 
properties and geometry ©. the ferrite and the properties of the guiding struc- 
ture in which the ferrite Is placed. These limitations are nov discussed along 
with some Indication of how they are belng overcome. 


28.7.1 Low-frequency Limitations 

The major limitatlon on the application of ferrites at low miczcwave fre- 
quencies is due to the propecties of the ferr'te material. In an unsaturated 
state the domains in a ferrite sample are randomly orlented and shaped. 
Euch domain has a magnetization of 47 Mf, and is acted upon by a field due 
to {ts immediate neighbors and by Jts own demagnetizing fleld. The neighhor- 
ing domaius and the self-demagnetizing fields can produce any field from 
zero to 49 M,. Thus any given domain will exhibit ferrimagnetic resonance 
at some frequency equal to or less than 49 Ad,|y |. The entire sample will 
éaliivit a broad spectrum of losses, called low-field losses, up to a frequency of 
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4 M,|y |. When the sample is satursted* it acts as a single domain and the 
losses are cnucentrated about « single frequency given by Eq. (16). 

Ferrite devices first came into wideepread use at the higher microwave 
frequencies. These devices for the most part used ferrites operating at or 
above the resonant frequency rather than below the resonant frequency. This 
ls because cf the larger nonreciprocal properties obtained and the smaller 
applied Aelds required above the resonant frequency. In order to use the 
lowest possible applicd fields at these high frequencies, longitudinally mag- 
netized rods or slabs magnetized in thelr plane were used. When these same 
devices were scaled for operation at lower frequencies a mit was encoun- 
tered in operating a: or above the resonant frequency. Figure 28-31 {lus- 
trates tho case for a rod. It is seen that 29 M,]| y | ls the loweat frequency at 
which operation at or above resonance {is possibie. 

One way to obtain operation of ferrite devices at lower frequencies is to 
reduce the iow-field !oss by using materials with lower saturation moments, 
Significent progress has been made In this direction. However, a problem in 
making materials with low saturation moment is the tendency for the Curle 
temperature 7, to decrease aa it is reduced. It should be recalled that 7, in 
the temperature at which the ferrimagnetic properties disappear. Another 
problem resuiting from reducing M, '!s that the nonreciprocal properties and 
the resonance absorption are also reduced alnce both are proportional to A/,. 
Hence it is necessary to Increase proportionately the length of the ferrise 
and the device when M, Is reduced. 

Another aprroach to low-frequency operation Is to use a ferrite configurn- 
tion, such as a thin disk, which is operable above resonant frequency down 
to a very low frequency (see Figure 28-31). Although this is effective for 
some applications, it has the disadvantage of requiring a much larger appiled 
magnetic field. A third possibility Is to operate at a frequency below the rea- 
onant frequency. At higher frequencies, this type of operaticn is not ad- 
vantayeous because oi the !arge static magnetic fleld required and the amall 
interaction which occurs In this region. But as the operating frequency de- 
creases the required fleld decreases, and the amount of Interaction for a low- 
inagnetization material opernted above resonant frequency becomes less than 
that for a high megnetlzation materlal operated below resonant frequency. 
When this happens it is advantageous to operate below the resonant fre- 
quency. Under these conditions the ferrite requirements for optimum opert- 
tion are a nigh saturation magnetization ane a narrow Hnewldth. The line- 


*Saturation occurs when the Internal field is sufficlent to bring the material above the 
knee of the magnetlzation curve. Since moat ferrites have narrow hyatereala Joop, this 
internal Acid at saturation ia amall, From Eq. (18) ft da secon that saturation occurs when 
the applied fleldd is alightiv greater than AAL,. 
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width {3 euch en important parameter that {t i given a separate section blew. 
Jn operating at lower and lower irequeacies other problems arc expected 
to arise. For exaraple, at lower frequencies one expects other losses such as 
domain-well resonances and dielectric relaxation. The present low-frequency 
Umit of devices operating at or above the ferromagnetic resonant frequency 
is below 2 kmc for some commercially available devices and below 1 kme In 
experimental programs. The Ilmit for devices operating below ths resonant 
frequency is not known, but theory indicates {t may de under 100 me. 


28.7.2 Linewidth 

The ferromagnetic resonance !inewldth® is an important parameter in ths 
consideration of limitations of ferrite devices. For clmost ali applications, the 

, characteristics of devices improve as the linewidth decreases. 

The forces existing in a crystal lattice cause the magnetization to have 
preferred orientations. This anisotropy is described by attributing a fictitious 
magneiic field to the crystal and ca!iing it the anisotropy field. The linewidth 
for polycrystalline fezrites {s larger than tha’ for single crystals because the 
anisotropy fields are not all oriented in the same direction. Hence each cry- 
stallite is resonant at a different frequency and tha absorption line is spread 

as shown Figure 28-43, Ne'e that off- 
resonance, the losses for a single cry- 
atal sample and a nolvervasialline 
sample are elmost the same. 

For ferrite devices depending on dif- 
ferential phase shift, it ls common to 
define a figure of merit as the ratio of 
phase shift to ioss. Such a figure of 
merit is {nversely pronortional to the 
resonance linewidth. The derived re- 
Fiovar 24-45  Ferromageetle rsonance lationships mate It possibie to predict 
absorption for three crystallites of a poly- the lowest operating frequency for 
crystalline «ample showing the effect of the ferrite devices of a given ratio of phase 
different anisotropy field orientation in the shift to loss. For 90° of differential 
sumple on the resonant held for cach crya- phase shift, 1 db of insertion loss and 

tye au Hinewldth of 50 oersteds, the theo- 
retical lower frequency limit Js approximately 500 mcs. If the linewidth is 5 
oersteds, this limit is reduced to 50 mcs. 

In order to reduce the linewidth of polycrystaiiine ferrite samples it is 
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*The tHnewldth may be defined as the Incremental frequency sr field between the points 
where the absorption in declbela ia half the peak resonance absorption in declbels. This 
number should be independent of the amount of ferrite present, 
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necessary to reduce the crystalline enisutropy. One way of achieving this is to 
make small add!tons af cobalt, since cobalt ferrite has an anisotropy consiant 
opposite to that of cther common ferrites. Use of this technique has resulted 
in polycrystalline ferrites with Ilnewidths of approximately 200 oersteds. To 
date, the lower Himit of linewidth of single crystal ferrites js about SO oer- 
steds, Polycrystalline ferrimagnetic garnets have Hnewidths of approximately 
this vaiue, while singie-crystal ferromagnetic garnets have been made with a 
linewidth of less than ! oersted. 


28.7.3 Bandwidth 

There are two important and separate problems associated with the band- 
width of ferrite microwave components. One problem is due to the inhereiit 
frequency-reapense characteriatica of the ferrite material, In general, the use- 
ful properties of a ferrite result from ite tensor permeability; and, as shown 
In Eq. (4) and (5), the tensor cornponents are frequency dependent. The 
extent to which this frequency dependence is transferred to a particular 
device depends on the manner In which the tcnsor properties are used ‘o | 
produce the device characteristics. A second and often more important prob- 
lem In ferrite component bandwidth depends on the manner of waveguide | 
loading. The field distribution In the waveguide !s frequency dependent. Thia 
causes a change In the rf fleld configuration seen by the ferrite, which 'n turn 
may result in a deterloration of the componeni characteristics. 

in order to filustrate some of the factors involved In bandwidth Improve- 
nient, the specific examiples of Faraday rotation devices and resonance-ab- 
sorption isolators will be considered briefly. 


28.7.3.1 Faraday Rotation. As described in Section 28.6, the operation 
of Faraday-rotation-type devices depends on the difference in permeability | 
for two counterrotating rf magnetic fields. Equation (22) shows that the 
Faraday rotation per unlit length in an infinite medium ts frequently depend- | 
ent. However, If the operating frequency is considerably greater than the 
ferromagnetic resonance frequency, #.c.,0 >> |y! Hore, and Ife > 4~ M, i 


iy |, then this frequency dependence is much reduced, as shown by the ex- | 

pansion 
4nM.iyle* {4 ; ; 

pen oly taf ino ny ¢ + tei, + | (28-23) 


In practice it is usually oan to wchleve both of the ebove conditions; 
however, this alone dozs not insure a broadband device. Frequency limita- 
tions still arise when one attempts to produce the Faraday rotation in a 
waveguide having frequency-sensitive propagation characteristics, Faraday 
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rotators are usually bullt using a rod of ferrite in a circular waveguide. The 
guide wavelength has a strong frequency dependence in the dominant-mode 
operating region, Additional moding and reflection problems can vuscur be- 
cause of the high dielectric constant of the ferrite rod. Moreover, ff the ferrite 
rod 's too large in dias.seter, then dislectric waveguide effects will occur for the 
negative circularly polarized wave at some point Jn the operating range. These 
difficulties may be largely overcorne by using a small-diameter ferrite rod and 
a broadband waveguide structure such as a quadruply ridged circular wave- 
guide operated in a region where {it has little frequency dependence. 


28.7.8.2 Resonance Absorption feolator. In its simplest form, the 
resonance ‘solator consista of « thin slab of ferrite placed in the E-piane of 2 
rectangular waveguide approximately a quarter of the way across the guide. 
The slab is magnetized transversely, j.e., with the magnetic fleld perpendicular 
to the direction of guided wave propagation. There are bandwidth Iimita- 
tions on both the Isolation and insertion loss. 

The limitation on the Isolation bandwidth is that the ferrite must exhibit 
ferrimagnetic resonance over as broad a band as possible. The use of large 
iinewldth materials and/or the use of nonhomogeneous static magnetizing 
fields is a simple and adequate solution to this part of the problem. 

The limitations on the bandwidth of the Insertion is more complicated. If 
the weveguide fields are 4,° transverse to the slab and A,’ along the slab, for 
circular polarization to exlst In the ferrite requires 


AY 
hi’ 


It is seen that positive anu negative circular polarization will exist «ut the 
same point only at the aingle frequency for which « = 0. Therefoze, in 
general, maximum isolation loss and minimum Insertion loss occur for dif- 
ferent geometries. 

In broadband isolator design, the geometry can be chosen to give elther 
minimum Insertion loss or maximum Isolation loss. The former is used for 
isolators requiring low Insertion loss and moderate isolation. Although isola- 
tion is not maximized, It can be made reasonably high. Designing for maxi- 
mum isolation may be done in narrowband isolators and Jn broadband unlis 
for which minimum iength and a maximum isolation are mere important 
than minimum Insertion loss. 

In the unloaded waveguide the dominant mode fields are characterized by 


a =i, ) 1 tan (wx/e) (28-25) 
hy Je 


set f(z x) (28-24) 
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Combining Eq. (24), for the condition of low insertion loss, with Eq. (25) 
ylelds 


Pek pe MY = 100 ere ) — tan (we,/e) (28-26) 


To broad band the low insertion loss of this type of {solator requires a 
reletion of this form to hold over as brosd a frequency range a2 possible. 
Note that frequency Hmitations arise from both the characteristics of the 
waveguide (the right-hand side of the equation) and those of the ferrite (the 
left-hand side of the equation). The left-hand side of the equation has very 
little frequency dependence in the region of resonance and, hence, the main 
bandwidth limitation on the insertion loss is the fact that the polarization of 
the rf magnatic field is very frequently dependent. 

A solution Is to use a broadband waveguide structure far above Its cutoff 
frequency so that the ratlo of 4," to As’ changes slowly with frequency. 
Several types of broadband waveguide heve been used, including double- 
ridged guide. A particularly useful structure ls a waveguide loaded with a 
dielectric in such a manner as to broad band the waveguide. If the dielectric 
dimensions are property chosen, the correct elliptical polarization will be 
generated In the vicinity of the dlelectr'c and the ferrite can be placed {1 the 
region of proper polarization. The dielectric, in addition to keeping the fields 
relatively fixed in position, serves two other purposes: it concontrates the 
energy propacating in the waveguide, and It reduces the waveguide im- 
pedance. Both of these effects increase the relative magnetic fields, and thus 
significantly bigher isolations result than the same amovnt of ferrite would 
produce without the dielectric. 


28.7.4 High Power 

In general, the limitation on the average power level arises from the fact 
that losses in the ferrite must appear as heat and the ferrites are poor thermal! 
conductors. Thus the heat is not easily dissipated and, If excessive power is 
lost in the ferrite, the temperature will increase toward the Curle temperature 
of the ferritc. The device characterlatics deteriorate rapidiy as this (emper- 
ature is approached. The Curle temperature of ferrites now In use ranges 
from slightly ahove room temperature to approximately 600°C. Methods of 
overcoming the high power limitation are to use materiais having high Curle 
temperatures and to provide improved means for cooling tra ferrite. Cooling 
can be accomplished by placing the ferrite against metal walls and by using 
forced alr or liquid cooling. 

The power limitation may enter in several ways. In devices such as cir- 
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culators, gyrators, and off-resonance {solators, in which the ferrite is not at 
the ferromagnetic resonant frequency, the ferrite dissipates a smali fraction 
of the transmitted power, In some cases the loss due to dielectric and mag- 
netic loases in the ferrite can be made as low as 0.1 db. Tf it fe aesumed that 
the ferrite is able to dissipate 250 watts without overheating and the load 
VSWR is 2, then the device should be capable of transmitting 10 kw average 
power, 

In resonance absorption isolators the high power limitation {fs rather severe 
alnce both the insertion lose and the isslation loss must be dissipated In the 
ferrite. Thus the amount of average power which this type of device can 
haadle depends not only on the Insertion loss but also on the maxfmum 
VSWR of the load. For inatance, assuming as above an Insertion loss of 0.1 
db, & load VSWR of 2 and a maximuin dissipation in the ferrite of 250 
watts, the lsolator is capable of transniltting only 1.9 kw average power. 

There also are limitations on the peek power which have not as yet been 
investigated thoroughly. A major consideration is the nonlinearites of the 
ferrite properties at very high valucs of rf field strengths. Since microwave 
ferrites are good dielectrics, the breakdown limitation normally is not much 
worse thaa that of the waveguide structure in whick {t {a placed. However, 
field distortions can cause localized high electric fields. 

Much work has been done to reduce all of the Ilmtations which have been 
described. Considerable progress has been made, which has Increased the use- 
fulness of ferrite devices for ECM. Some examples are givin in the following 
vection. 


28.8 Applications to ECM 
Some almple examples of the use of ferrite devices in ECM are illustrated 
in Figure 28-44, Part 2 shows a problem which may arise from attempts to 
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Fiaune 28-44 Typleal requirements, (a) Transmitter; (0) receiver. 
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improve the versatility of an FCM transmitting system. Here it is desired to 
have elther of two transmitters operating into a common antenna. It is as- 
sumed thet Individual tranamitting tubes do not have sufficient tuning range 
to cover the frequency range required, In order to perform ‘he desired func- 
tion, It ls necessary to have & microwave switch. The switch should provide 
a low attenuation path from the operating tube to the antenna and high: at- 
tenuation path back into the nonoperating tube. It should be electronically 
controllable and should be switchable at fairly fast switching rates. If the 
tube characteristics ure sensitive to their loading, isolation of the tubes irom 
the rest of the circuit also may be required. The ideal isolator has lcw at- 
tenuation, or Insertion loss, for the forward direction and large attenuation, 
for isolation, for the reverse direction. The isolator must be capabie of hand- 
ling the output power of the transmitting tubes and must have a bandwidth 
at least equa! to the frequency range of operation, or be tunable over this 
renge. 

Figure 23-445 shows an example of a countermeasures receiver application. 
It is assumed that the local oscillator output has undesirable amplitude varia- 
tions. The amplitude regulator should reduce these varlationa to a small 
value over the entire frequency range of qperation so that the Input to the 
mixer remains relatively constant. It may be necessary ts have 2 tunable filter 
to avoid the ambiguity of image signals. A bandpass filter with high attenua- 
tion at the Image frequency is preferred, but a band rejection filter to elim- 
inate the image might be utilized. An isolator alsc may be needed to prevent 
loca] cacillator radiztion which might reveal the location of the receiver to 
enemy forces. Such an isolator would require low attenuation for incoming 
signals. A bandwidth of up to an octave, or even greater, ray de required. 

Figure 28-45 illustrates schematicaily another systema problem In which 
there are many transmitters, each driving one element of an antenna array. 
Tt is desired to provide contro!lable phase shift in the various antenna ele- 
ments in order to control the antenna pettern. 

Ali of the microwave control device problems illustrated above can be 
approached by utilizing the properties of epecial meterials. In sorne cases, 
this is the only approach to achieving a solution. Some examples of specific 
results will now be given. 


28.8.1 Broadband Low Power Isolators 


One of the major advances in adapting ferrite devices to the needs of 
ECM has been the development of techniques for broadband ferrite {so- 
lators. I¢ {s now possible to get isolutors covering full waveguide bandwidths, 
approximately 50 per cent, from S-band through K-band. Isclators having 
epproximately octave band coverage are evellable from L-band to X-bend. 


PT 


oa . ne spem 


we 





> a TY: 


28-42 ZECTRONIC COUNTERMEASURES 


(Se 


Fiouse 25-45 Systems requirement for electronically controllable microwave phase 
snifters. T = transmitter. @ = electronically controlled phase shifter. A == element vf 
antenna array. 


These advances have been made from a “state of the art” of approximately 
1G per cent handwidth In ferrite devices in less than four years. Some ef the 
techniques develoned can be applied also to other devices. 

Some typica! examples of broadband waveguid: isclator characterisucs for 
G, J, and X-band are shown In Figures 23-46, 28-47, and 28-48. Characteris- 
tics of coaxial line fsolators in L. and S band are shown in Figures 28-49 and 
28-50. These data are all for dielectric loaded resonance type Isolators. 


28.8.2 Broadbaré High Puo-ver iselctore 

Considerations of heat cissipation generally predominate in the design of 
high power isclators. These conditions usually require configuration different 
from those giving optiinum performance at low power. Nevertheless soine of 
the techniques used In broadbanding low power isolators also can be utilized 
at high power, 

The performance characteristica cf a broadband high power resonance 
iyolator are shown In Fig. 28-51. At milliwatt input power, the Isolation ex- 
ceeds 20 db over most of the 800 mc bandwidth falling to 19 db at the low 
frequency band-edge. For a simulate! Input power of 3200 watts and load 
VSWR of 2, l.e., 800 watts absorbed, the isolation ja still greater than i$ db 
except for the one point at band edge. The fuil capacity of this typs of 
isolator exceeds the values shown, 
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Ficvaz 28-46 Broadtand waveguide fso- Fiounr 28-47 Broadband waveguide iso- 
lator characteristics, G-hand. latcr characteristics, J-band. 
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Fiourgz 28-51 Performance data for a high-power load lsolator using Nig.1Cuo.sMno.o9 
Fe;.vOq and nickel ferrite, Ferroxcube 106. 


28.8.3 Broadsand Amplitude Regulator 

An electronically controilable microwave attenuator utilising the “low 
field” magnetic loss characteriatics of ferrites has been developed to reg ulate 
the output of microwave source to a small variation over a 2-to-1 frequency 
range, Figure 28-$2 shows typical resulta with the ferrite attenuator placed be- 
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tween the local oscillator and the inixer, The cecillator wus the French CSF 
CO-127, and the » 'xer was a broadband coaxia) mixer. The upper curve 
shows the crystal. ent va.lation with a fixed 20 db ped used between the 
local oscillator and the mixer. Varintions close to 20 db are Indicated. The 
lower curve shows the mixer current variation remaining when the fixed pau 
was replaced by the ferrite attenuator, and the feedback loop was closed. The 
deviations from the relatively flat response occurred when input variations 
exceed the dynamic range of the attenuator. The particular ferrite regulator 
used was desigred for a 15 db dynamic range. 

The attenuator consists of a ferrite sleeve mounted in a cornxial line and 
transversely magnetized by e smull electromagnet. Its size is less than 2 
inches cubed: jt weighs lesa than }2 ounces. 


28.8.4 Broadband Microwave Swiich 

Various types of microwave switches have been developed using ferrites. 
One type that {sy cupable of giving broaeband operation utilizes two broad- 
band coaxial ne couplers und « broadband switchable ferrite phase shliter. 
Developmental models cf such a switch have been operated over Y% octave 
bandwidths, In principle, it should be possible to get full octave frequency 
coverage, 


28.8.5 Broadband Controtiabie Pnase Shifters 

The same techniques used to alye broadband astwitchable phase shift can 
be used to obtain centinuously variable phase shift. Developmental mocelr 
have been operated cver greater than Y, octave with figures of merit ex- 
ceecling 150 degrees per db loss. 


28.8.6 General Comments 

The above examples Illustrate only a few of the many possible applications 
of ferrites to ECM, Although In principle all of the devices: mentioned {In 
Sectlon TED could be used In ECM, the actual use so far has not deen great, 
This has been due In part to the limitations discussed in the Section ITE. 
The vewness of the entire field of ferrite devices leaves many important de- 
vices still in developmental stages, Another contributing factor fy that systems 
engineers often are not cognizant of the newer developments or may be un- 
willing to use them until thelr utility is proved. However, with improving 
technology and Increasing awareness by svatemsa engineers of the potential 
in this field, the future useg of ferrites in ECM should Increase significantly, 


Hl. Gaseous klectronies 


28.9 Fundamental Characteriatler 
Useful microwave characteristics can be obtained from interactions of 
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microwave signals with free electrons. In the absence of collisions these 
interactions are entirely reactive, with the electron motion lagging the micro- 
wave electric field by 90°. In the presence of a gas, in which collisions be- 
tween ciectrona ana neutrai gas atoms are assumed to act as a continuous 
viscous damping force, Newton's second law of motion may be written 


m am ‘t rvsz — CEy exp fut = — Ec (28-27) 
where m = mass of the electron 
v =: electron velocity 
r =: damping parameter due to collisions 
—¢ =: charge on electron 
w sa angular frequency of the microwave signal 
E == Fu exp jus = microwave electric field 


Assuming the damping parameter r /s a constant independent of velocity, 
the electron drift velocity determined from Eq. 27 |s 


von cB /(r + jum) (28-28) 


The current density is drift velocity multiplied by the electron number 
deasity and the charge on a s'ngle electron. 


§= > nev = ne®E/(r + jw) (28-29) 


The complex conductivity «, == 0, t+ Jay is 
vg, oz J/B = ne*/(r + jum) (28-30) 


Note that the conductivity Is directly proportional to the electron density. 
Equation 30 has the same form as the admittance of a resistive-inductive 
(RL) series circult. It Is well known that maximum power Js transferred to 
such a circult when RK = wl., Similarly, maximum power is transferred to 
the electrons whea rs om, Hr = on, ve is the collision frequency of elec- 
trons and gas atoms, the maximum power is transferred when w s= 4, Por 
helium, vis approxiniately 2.4 < 10° where p is the pressure in millimeter 
of mercury. 

Any useful device based on Interactions of electrons and microwave fields 
must provide a method of producing the necessary electrons and must give 
consideration to electron toss mechanisms, A rigorous analysis would have to 
consider both the particle distribution and the energy distribution. 
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28.9.1 Electron Lose Mechaniems 

The major mechenisms for loss of electrons are diffusion, attachment and 
recombination. 

Diffusion {s the random scatter of particles away from a region of concen- 
tration. The characteristic difusion equation !s obtained by combining an 
equation relating the current density to the particle density gradier:’ with the 
equation of particle continuity. Diffusion losses predominate over a wide 
range of practical conditions. They normally ere characterized by a para- 
meter A, culied the characterlatic diffusion length, which is 2 measure of the 
size of the container. When the density is high the electrons and fons will 
diffuse with essentially the same velocity, a condition known as ambipolar 
diffusion, 

The p'ienomenon of electron attachment to a neutral atom !s a common 
occurrence for gases whose outer electronic shells are nearly filled. The 
measure of the ease with which an electron can attach to 4 neutral atom or 
molecule ia given by the etectron affinity energy. For those gases which 
exhibit sttachment this varies from about 4 volts (for gases like F and 99) 
to nearly zero. Ii is negative for thone which du not Inert to extra-atomic 
electrons. These atoms, which nave ’S, ground states, include the noble gases. 
Since neble gases would normally be used in building a device, the effects of 
attachment can often be neglected. Howsver, electron attachment to Impurity 
atoms can be of great practical [mportance. Also of practical Importance Is 
the use of atisching gases to apeed up the removal of electrons in some ap- 
plications, such as TR tubes or other microwave awitches. 

Another common loss mechanism is the recombination of negative fons and 
electrons with positive Jons to form neutral atoma. Hf the positive and nega- 
tive particle concentrations are equal, which {s true In almost all gas dis- 
charges, this mechanism exhibits a linear relationship between the reciprocal 
of partical density and time. It can piedominate under high pressure and 
high electron density conditions. If true electron ion recombination {s occur- 
ring, the recombination coefficient characterizing the process shouid be es- 
sentially Independent of pressure. 


20.9.2 Micvowave Breakdown 


In a high frequency gas discharge breakdown, the primary lonization due 
to the electron motion is the only productlon phenomenon which controls 
the breakdown, and for thin reason it ia the simplest tyne to ccnsider. The 
calculated value for the maximum kinetic energy in the oscillatory motion of 
an electron at che minimum field intensities for breakdown (experimentally 
determined) corresponds to about 10" volt. It is therefore obvious that the 
energy of oscillation ts Insufficient to account for breakdown. 
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As noted above, a free electron In a vacuum under the action of an alter- 
nating electric feld oscillates with Its velocity 90° out of phase with the field, 
and thus takes no power, on the average, from the applied field. The electron 
can gain energy from the flald only by suffering collisions with the gas 
atoms, and It does so by having its ordered oscillatory motion changed to 
random motion on collision. The electron gains randera energy on each cvl- 
lision until it is able *o make an inelastic or ionizing collision with a gas 
atom. The fact that the ciectron can continue to gain energy in the field, on 
the average, despite the fact that It may elther move with or against the 
field can be scen by noting that the energy absorbed is proportional to the 
square of the electric fleld and hence is independent of its sign. 

A gas subjected to high frequency electric fields will break down and be- 
come conducting when the number of electrons produced per second becomes 
equal to or greater than the number of electrons losi per second. The produc- 
tlon mechanism in a high frequency discharge {s lonization within the body 
of the gas. The iniportant loss mechanisms are diffusion, attachment and re- 
combination as discussed above, with diffusion predominating under a wide 
variety of experimental conditions. However, diffusion theory will not apply 
where the electron mean free path, the average distance between collisions, 
is comparable to the dimenzlons of the container, Another limit on the dif- 
fusion mechaalsm occurs when the electron oscillation amplitude becomes so 
great that the electrons would hit the walls on each cycle. 

Other methods of providing a source of electrons include thermionic erais- 
sion and gas discharges produced by direct current, 


28.9.3 Propagation Characteristics in the Presence of an Applied 
Magnetic Field 

Free electrons in a magnetic field constitute a dispersive medium. Elec- 
trons are constrained to move in splrals around the magnetic fleld lines at the 
cyclotron frequency », = ¢H/me. If a high frequency electric field perpen- 
dicular to the magnetic Aeld oscillates at the cyclotron frequency, the clec- 
trons move in phase with the electric fleld und they guin energy from It con- 
tinuously, Whea the frequency of the {mpressed field is different frown the 
cyclotron frequency the electron motion ds alternately In and out of phase 
with the field so the electrons alternately gain and lose energy; the electrons 
have a large reactive interaction with the teld but cain no energy from It. 
The dielectric constant of the medium depends on the electron density and 
on the relative frequency of the propagating signal and the cyclotron orbital 
motion. As the dielectric constant: varies, the wavelength {no the medium 
varies and hence also the phase of the signal that has passed through the 
medium, 
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When the electrons are obtained by lonizing a gas they have collisions with 
electrcns and other particles which tend to disorder their motion. Each colll- 
sion represents an exchange of energy which results in an attenuation of tne 
microwave signal propagating through the medium. At modest electrcn den- 
altles moat of the collisions take place between clectrons and neutral mole- 
cules at a rate determined by the coliision frequency », which in turn 
depends largely on the pressure and type of gas. Hence the collision frequency 
anc Indirectly the gas pressure and type of gas determine the attenuation cf 
the propagating signal, 

The presence of the applied static magnetic fleld to a gas plasma creates an 
electrical anisotropy which manifests itself In the current vector. Under smal! 
signal conditions and « plasma containing a small percentage ionization this 
may be represented by 


j= [c|'E (28-31) 
where 
o —jK 0 
[eo] ox (ix ao ) (28-32) 
0 0 {fp 


Neglecting losa, 4.¢., assuming vy, == 0, 
w= f( ne? /me)a/ (a4 — ww) (28-33) 
Ko == — j(ne*/mc)o,/up4 — w*) (26-34) 


Piease note that these tensor elements nave the same mathematical form, 
with the same kind of dependence on frequency, as those of the susceptebil- 
ity tenser for a ferrite given In Equations 4 and $ of Section HA. This is 
seen more clearly if one relates w to yH»o and compares v and K with « and 


a 
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The propagation equation Is 
V xX V KE BoA {E = 0 (28-35) 
where 
le] == en( 2 — Jor/oen) and J = unlit diagonal tensor (28-36) 


Note that this ja the same mathematical form in # and the dielectric tensor 
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e as for & and the permeability tensor » in Eq. 8 of Section IIA. Therefore 
the formal solution for the propagation constant aleo {s the same. This dem- 
onstrates a complete analogy between propagaticn in anisotropic gas 
plasmas and propagation in a ferrite media. 

A simplified comparison of these media {s made in Figure 28 53. Both of 
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Ficurer 28-83 Comparison of dispersive media. 


these media derive thelr useful microwave properties from {nteractions of the 
crifcrowave signals with electrons in (he media. In the case of the ferrite these 
interactions are with precessing bound clectrcns, while in the case of the gas 
discharge the Interactions ere with planetary free electrons. In both cases, the 
natural frequency of electron motion Is directly proportional to an effective 
magnetic fleld, and in simplified cases the constant of proportionality is 
exactly the same. The dispersive parameter for the ferrite is the permeability 
and for the gas discharge the conductivity or dielectric constant. In the 
simplest cases, the tensor permeavility and tensor conductivity have the same 
tensor form. From the application standpoint, it {s important to recall that 
in the case of the ferrite media the coupling is to the rf magnetic field and 
in the case of the gas discharge the coupling {fs to the rf electric fleld. Since 
the natural frequency of moticn !s circular, the interaction In both cases wil! 
be greatest If the frequency of the microwave signal colncides with the 
natural resonance freauency and |i the microwave signal is circularly polar- 
ized in the same direction as the electron motion. In both cases, iarge reso- 
nance absorption will occur when the frequencies coincide and large dis- 
persive effects will occur in the vicinity of resonance. 


26.10 Microwave Applications 

The use of lonized gases in the control of guided microwaves os practically 
as old as guided microwaves, The most obvious example is the tube known 
is a transmit recelve tube or TR tube which is in use in radar systems. in 
such a tube the incoming high power rf signal causes the gas in the tube to 
break down across a gap and change the impedance of the gap in svcn a wey 
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48 to protect sume component on the other side of the tube ftom the high 
power signal which causes the breakdown. Gas discharges have been used as 
nolse sources at microwave frequencies. These better known applications of 
gas discharges will not be discussed here. 

The properties of gas plasmas under the Influence of an external applied 
riagnetic field are particularly Interesting for microwave applications. By 
utilizing the Interaction of electrons in cyclotron orbits with microwave fields 
oscillating at or near cyclotron cesonance, wide ranges of reactive or resistive 
impedances can be ohtalned, The impedance changes depend on the type of 
gas used and on such parameters as electron density, electron colilsion fre- 
quency (reluied to gus pressure), and difference between the signal frequency 
and electron cyclotron frequency. Since the propagation constant has the same 
form as for the ferrite, the same application principles apply and in principle 
all the types of devices described in Section 28.6 should be achievable by 
gaseous electronics techniques. 


26.10.1 Faraday Rotation 

By applying a longitudinal magnetic fleld to a gas plasma confined In a 
circular waveguide, rotation of a lHnearly polarized microwave signal can be 
produced just as in the case of a ferrite. Figure 28-54 illustrates the magneto- 
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Frouke 28 84 Rotation of the polarization plane of the transmitted TP wave wus the 
magnetic held variable or for several values of gas pressure 
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rotation of TE,; Nnear polarized waves through a neon plasma as a function 
of magnetic field for various gas pressures. It la apparent that an Increase in 
the electron collision frequency (corresponding to an Increase in gas pressure) 
reduces the amount of rotation obtalnabie with a given value of magnetic 
field. However, for the smaller preseures sufficient rotation fs obtained to be 
usable for microwave applications. That this has not been utilized to a 
greater extent the case is due largely to the practical problems of achieving 
stable operation and adequate fife. 


28.10.2 High Power, Broadband Microwave Gas Discharge Switch 

An application currently under development specifically to meet ECM re- 
qulren.ents is directed toward achieving a high power microwave switch by 
u' izing magnetic fleid control of the gas breakdown conditions. In its 
4, .plest form, the switch tube consists of a section of S-band rectangular 
waveguide sealed off at both ends with vacuum windows and containing a 
rare gas or mixture of rare gases at a pressure of the crder of a tenth of a 
millimeter of mercury. 

The tube Is ‘fired’ by the Incident miciowave power, in a time of the order 
of one hundredth of a microsecond, when the proper magnetic fielc {s ap- 
plied to It. The resultant high electron density of the plasma acts like a short 
circult at the inside surface of the Input window, When the applied magaetic 
field Is zero or sufficiently small. the tube is ‘unfired’ in the presence of the 
incident microwaves and acts Ike a low-loss section of waveguide. Thus, the 
‘on-off’ action of the tube can be controlled by varying the magnitude of the 
applied magnetic field. 

The tube’s oneration is based on the phenomenon of electron cycluiron 
resonance. An electron in a static magnetic fleld spirals around the flux lines 
at the electron cyclotron frequency. When a magnetic fleld is applled in « 
direction perpendiculur to the electric flela in the switch tube, two principie 
effects occur. Firat, the energy transferred from the electric field to an elec- 
tron exhivits a sharp resonance when the cyclotron frequency colncldes with 
the angular frequency of the microwaves. The magnetic field for which this 
occure is called the cyclotron resonant field or B, and has a value of around 
1200 gauss at S-band. Secondly, the electron’s diffusive motlon transverse to 
the magnetic field is retarded. These tw: effects determine the breakdown 
power vs, magnetic field characteristics upon which the design of the switch 
tube depends. 

Figure 28-55 shows a typical curve of breakdown power in watts peak asa 
function of magnetic fleld. The magnetic ficld parameter in the graph 's 
normalized to unity at the resonance condition, If the magnetic fleld is not 
adjusted for resonance, the motion of the electrons {a out of phase with the 
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microwave electric field during some 
portions of thelr orbits, Under reecnance 
conditions, electrons rotate around the 
magnetic flux fines at the same fre- 
quency as the microwave electric fleld 
and can gain energy continuously from 
It. Hence, at cyclotron resonance there 
ls a maximum transfer of energy from 
the microwave electric field to the elec- 
trons. At sufficiently low pressure, the 
energy cransfer at cyclotron resonance 
can be of the order of 10* or more 
times that at zero magnetic field. 

Tha switch tube is designed so that 
with zero applied msgnetic fleld, the 
" 1 of 8 4a ih iF power required for the gas to break 
down Js larger than the source power. 
tistwe saset  ‘Milesowave’ inetkdawn Under these conditlons an Incident 
power vs magneile field In argon, Tube pulse does not produce 3 discharge 
length: A Inch. Pulse width, 2 microwe- and the switch is ‘open’ cr ‘undred’, 
onds, PREF; S00 per second, Frequency: When a magnetic field near cyclotron 

asia! Shabani i lsh resonance {s applied, the power re: 
quired for breakdown is much fess than the source power ard an Incident 
pulse produces a strong discharge. The resultant high denalty discharge acts 
like a short circult and the switch is ‘closed’ or ‘fired’, 

Figure 28-56a liiustrates how this principle may be used to alternately switch 
two transmitters to a common antenna. With transmitter No. | in operation, 
it is desired tu have transmitter No. 2 completely jsolated from the circult. 
Hence, the switch in Arm 1! should be unfired by having a magnetic field 
applied which is removed from resonance and the swiich in Arm 2 fired by 
biasing to tesonance. When transmitter No, 2 is in operation, the reverse is 
required, A switch of this type has been Dullt. Other possible configurations 
are IWlustrated in Fig. 28-566, ¢, and d. These configurations permit the simul- 
taneous operation of both transmitters with the power from the unwanted 
transmitter routed into a dummy load, For configurations b and c, with the 
switches unfired, the unused transmitter is isolated trom the antenaa by only 
the attenuation of the coupler. ‘The configuration shown tn do permits switch: 
mg the unused transmitter into a dummy load and, in addition, Isolated the 
unused transmitter from the antenna by the full attenuation of the yas 
ewitch, 
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td) 
Yiguay 28-86 Possible switch configurations (a) Balanced magic tee (or ring hybrid) 
awitch. (6) Balanced short-slot hybrid awltch, (¢) 120° E-plane “Y" awitek. (d) Cyclo- 
tron-resonsnt gas ewitch configuration. SW! and SW2 are switch tuve pairs. A, 8, C, and 
D are 3-db top-wall short-slot hybrids. £) and L2 ure high-power terminations, £3 fa a 
low-n ower termination, 
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28.10.3 Microwave Phase Shift 

Preliminary investigations have been made to determine the microwave 
phase shift that can be produced by means of an lonized gaseous plasma. 
One approach {s to use the dispersive properties of a gas nea: cyclotron reso- 
nance. In principle, an electronically controllable phase shifter can be made 
by producing free electrons in some structure suitable for propagating a 
microwave siynal whose electric field is perpendicular to en appiled magnetic 
field. The dielectric constant of the medium depends on the electron density 
and on the relative frequencies of the propagating signal and the cyclotron 
orbital motion, As the dielectric constant varies, the wavelength in the 
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medium varies and hence also the phase of the signal passing through the 
medium. 

Coaxial geometry was chosen for this study because of the wide range of 
frequencies it will transmit, and because, with two separate conductors that 
can be used as electrodes, {t also offers more possibilities for creating the 
electrical discharge. The basic configurat'on Is shown In Figure 28-57. The gas 





Figuax 28-57 Gana discharge phase-ahift Fiauar 28-88 Microwave phase 
configuration. shift utitsing electron cyclotron 
resonance. 


plasma is confined between the inner and outer conductors of a section of line 
and the magnetic Seld as applied Iengitudinally. 

Figure 28-58 shows sume preliminary experimental measurements of the 
microwave dispersion in S-band for a microwave discharge in air. The results 
demonstrate that large phase shifts can be obtained when the microwave 
actual frequency {s slightly above or below the frequency for electron-cyclo- 
tron resonance, It /s seen that the insertion toss isa: high In the Immediate 
vicinity of resonance aa would be expected, but the phase shift remains large 
for frequency regions where the Insertion loss is low, The theoret!cal predic- 
tions normalized to the experimental data at the frequency 2.8 kmc, are 
auperlmposed for comparison. The dispersion curves observed are in good 
agreement with the theoretical predictions, except in the Immediate vicinity 
of resonance where it {s difficult to make accurate comparison. 

Figure 28-59 iilustrates how phase shift and attenuation vary with applied 
magnetic field, it shows a change from 200 to 300 degrees phase shift for u 
change from about 50 gauss, ‘This indicates that a narrow band device could 
be built to use magnetic field tuning over a range of 100 degrees cf phase 
shift with a nearly linear tuning rate of about 2 degrees per gauss. Figure 
28-00 ix tuken fur a discharge in hellum at fixed rvugnetic held for various 
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conditions of electron density, Le., higher discharge power corresponding to 
higher density, The data {lustrates that control of the density ‘s another 
effective way to vary the microwave phase shift. Note that approximately 
250° change in phase shift was obtained in certain regions of the curves. 


28.11 Applications to Operational Problems 

In addition to providing a basis for microwave control devicea, a know!l- 
edge of the nroperties end propagation characteristics of gas discharges can 
help to solve certain operational problems. One such problem, {llustrated in 
Fig. 26-61, has to de with the effect cof a micrownyve electrical breakdown near 
antennas on high flying vehicles. Antennas on such vehicles may Initiate elec- 
trical discharges because the electric field required to break down the alr 
at low pressures is in general much less than that required at atmospheric 
pressure, Considerable formation pertinent te this problem can be obtained 
from a knowledge of :. propagation and breakdown cc aditions jn aly, 


2.11.1 Microwave Breakdown at High Altitudes 

In order to provide information pertinent to this problem, calculations 
have been made of threshold electric fields for cw breakdown and maximum 
electric fleld for pulse transmission at varlous frequencies from 100 m/sec 
to 35 kmc/sec at altitudes up to 500,000 feet. In order to perform such cal- 
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conditions of electzon density, J.c., higher discharge power corresponding to 
higher censity. The data illustrates that control of the density is anuther 
effective way to vary (ie microwave phase shift. Nets that anproximately 
250° change In phase sh. ¢ was obtained in certain regions of the curves. 


28.11 Applications to Operational Problems 

In addition to providing a basis for microwave control devices, a knovl- 
edge of the properties and propagation characteristics of gas discharges can 
help to sclye certuln operational problems. One such preblem, Illustrated In 
Fig, 28-61, has to do with the effect of a microwave electrical breakdown near 
antennas on high flying vehicles. Antennas on such vehicles may Initiate elec- 
trical discharges because the electric field required to break down the alr 
at low pressures Is in general much less than that required at atmospreric 
pressure, Considerable information pertinent to this problem can be obtuined 
from a knowledge of (ne propagation and breakdown conditions in alr. 


28.11.1 Microwave Breaxdown et High Alutudes 

In order to provide information pertinent to this problem, calculations 
have been made of threshold electric fields fur cw breakdown and maximum 
electric field for pulse transmission at various frequencies from 100 mc/sec 
to 35 kmc/sec at altitudes up to $90,000 fret. In order to perform such cal- 
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Figure 28-61 Schematic representation of operational preblems. 


culations, it is, of course, necessary to consider the composition of the at- 
mosphere and the role of the various fundamental processes contributing to 
break-down, 

For preliminary calculations, the assumpticn can be made that the coin- 
position of alr does not change, insofar as it affects electrica! breakdown at 
high frequencies, over the entire altitude range under consideration. Although 
Involving some error, this is a reasonable first approximation and probably 
leads to results on the conservative side, 

With regard to mechanisms, a gas subjected to ‘igh frequency electric 
fields will break down and become conducting when the number of electrons 
produced per second becomes ecu) to or greater than the number lost per 
second, The production mechanism In a high frequency cischarge is fonization 
within the body of the gas. The important losa mechunlams In air are diffusion 
and aitachment, with attachment predyminaiting in an unccnfined regton. 
Recombination could be algnificant at high electron concentra fons, but It {s 
probably at least an crder of magnitude lees Impertant than attachment in 
determining breakdown at high altitudes, Accordingly, only at.achment need 
be considered in preliminary calculations. To the extent that the other pro- 
cesses actually contribute to the loss of electrons, the resultant conclusions 
will be on the conservative side. 

Although calculations for cw conditions are interesting, the case of greater 
pertinence to the practical problem is pulsed transmission In which some In- 
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crease In electron concentration Is allowable. It is well known that signals 
may be transmitted through appreciable concentraticns uf electrons, as il- 
lustrated by the gas discharge phase shift studies described previously, and 
so bulld up of electrons !n front of tiie antenna may be tolerated provided 
the electron denalty is not tou great. "ve electron conceniretion ebove which 
there is effectively no transmission is the so-called ‘plasma resonant density” 
which is equal approximately to 10'® divided by the square of the wavelength 
in centimeters. For a concentration equal to half plasma resonant denalty 
there wili be almost complete transmission, Accordingly, the plasma resonant 
density may be considered to be a fairly sharp upper limit. 

Fur a pulse in which the electric field {s larger than that required for 
breakdown, the electron concentration will start to Increase at an exponen- 
tlal rate deterinined by the difference In the lonization rate and the electroa 
loss rate. If the concentration at the end ef the pulse just reaches the plasma 
resonant density, practically the entire pulse will have been transmitted. Ac- 
cordingly, calculations can be mede to predict when this should occur. An 
example of the kind of data obtained Is shown in Figure 28-62 for the frequen- 
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Fioury 28-62) Peak microwave electric Meld for pulse transmission wr altitude (for dit- 
ferent pulse lengtha at frequencles of 10 and 45 kilomegacyclen 


cles of 10 kmc/sec and 35 kmc/sec, and for pulse lengths ranging from .0S 
to § microseconds, Under the conditions assumed, it is believed that at least 
90% of the pulse will be transmitted at the microwave electric fields shown 
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or the curves. Also shown [s the power radiated from a Iinear array in kilo- 
watts per square centimeter for conditions corresponding to the minimum of 
each curve, 

The calculatlons indicate quite clearly thet the higher frequencies allow 
the transmission of considerably greater amounts of power than do the lower 
frequencies and, as expected, that the threshold field allowable for brenk- 
down !s lower for long pulse lengths than for short pulse lengths. 
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TABLE 28-1. TUNING CHARACTERISTICS OF RESONANT LINE STRUCTURE 
Resonant Line 


te 


~"Unaatvrated ~~~ Saturated | 
Capacitance ( F Cc F 
b (umf) (mc) (me) 
15 + oY 30 175 
20 % &2 $0 152 
25 > 76 9G 147 
a * 70 95 136 
40 12 64 110 110 
50 $6 58 122 100 
60 75 54 130 93 
79 8$ $1 140 87 
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Antennas 


j. Y. N. GRANGER 


29.1 Introduction 

Almost all ECM systems require antennas, and it i+ frequently the antenna 
requirements which pose the most difficult problems In the design end appli- 
cation of ECM systems, This chapter deals with the nature of the antenna 
problems encountered ir, ECM systems and with some of the solutions which 
have been found for these problems. 

As 9 beginning, we will define certain antenna parameters and briefly 
describe their interrelation, In the sections which follow, we will discuss the 
fundamental physical limitations of antenna behavior; describe the kinda of 
antenna performance which would be optimum for different kinds of ECM 
systems in various tactical situations; survey some of the different antenna 
designs which have proved useful in ECM applications; and conclude with a 
brief description of the kinds of problems which arise in Installing antennas. 

An antenna is a kind of transducer, which cerves to transform electro- 
magnetic energy between those modes which will radiate in space and those 
modes which occur on transmission Hnes or ip tumped circuits. As such, 
antennas have both circuit and field properties, é.c., impedance- and radiation- 
pattern properties. The description and analysis of these properties are con- 
aiderably simplified by the fact that they are the same whether the antenna 
js used for receiving or tranamitting.* 


*This statement is not truce in those special cavea where the antessna structure Includes 
naterials whose properties are nonreciprocal or anistropic, but such situations are 
rarely encountered in practice. 


29-1 


a 


29-2 ELECTRONIC COUNTER MEASURES 


As with any two-terminal device, the input impedance of an antenna is 
defined as the (complex) ratie of ‘arminal voltage to terminal current when 
the antenna !s connected tc a sine-wave generator at a particular frequency. 
Since most ECM antennas are not connected directly to the associated trans- 
mitter or recelver clrcults, but rather through a length of transmission line, 
their impedance properties ere frequently expressed {In terms of a related 
parameter, the VSWR. or voltage standing-wave satio, The ‘/SWR Is defined 
as the ratio of the maximum and minimum voltages appearing across the line 
(ct points A/4 apart) of given characteristic impedance when the antenna 
terminates the line u... che line is energized hy a sine-wave generator of spec!- 
fied frequency. 

Turning no'y to che “eld pro, “ties of an antenna, we first define the 
radiation pattern, The radiation pa. of ar antenns is a two-dimensivnal 
plot of the variation cf the antenna re, « (voltage developed across a 
fixed load impedance) as the antenna is rotated about a specified axis (fixed 
both with respect to the antenna and with respect to the incident field) in an 
Incident electromagnetic fleld of a specified polarization. Since the response 
of most antennas exhibits a three-dimencional variation, more than one redia- 
tion pat‘ern is usually required to completely describe its raclation properties. 
An ésotropic antenna is en idealized, lossless (and fictitious) antenna whose 
radiation pattern Is a circle fer any orlentation of the axis of the nsttern, 
It is useful for reference purpoees. 

The pain of an antenna ‘s a very useful property In system-performance 
calculations. It is necessary to distinguish between several meanings o! the 
term. The power gain of an antenna Is defined as the ratio of the power 
delivered by the antenna (to a matched load) to the power which would be 
delivered (to a matched load) by an isotropic antenna !ocated at the saine 
point In the incident field. The directive gain of an antenna {s defined in the 
same fashion as the power gain, except that the antenna is assumed to be 
free of losses. The directive gain can be obtained from the radiation patterns 
of the antenna, but the power gain requires a knowledge of the antenna 
tficlency, and {is usually obtained by comparative measurements with a 
standard antenna. In antennas whose radiation patterns are characterized 
by a sligle beam (or at least by a beam which (s large compared with any 
side lobes), the directive gain can be calculated approximately from the half- 
power beamwidths In two orthogonal planes through the beam maximum. 
Let W’, be the beamwidth In one plane and W, the beamwidth In the other. 
The beam can then be described as occupying W, & Wy square degrees. The 
total number of square degrees in a sphere is approximately 41,000. The 
directive gain with respect to an isotropic source is therefore 
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_ 41,000 ; 
C= Wx ce 


For antennas having more complex radiation patterns the directive gain can 
be obtained by graphical (or numerical) integrarion of the vacliation patterns 
(Reference 1). I: is usefui to refer tc «lL operture, sometimes called the 
collecting aperture or receiving cross section, of an antenna. This concep? 
aries from the frequent practice of describing the field incident on an an- 
tenna in terms of Ita power density, in watts per square meter. The aperture 
is defined in terme of the power gain by tha relction 

a te (29-2) 

de 

where, of ccurse, both 4 and G are regarded as functions of ine variables 
which describe the orfentation of tne antenna In the incident ‘ield. Both A 
and G In Ea. (29-2) are defined In terms of power delivered to a matched 
load. It is convenient to define effective gain and effective aperture (or efiec- 
tive recelving croas section) as the values observed when the load {s mis- 
matched by some (known) smount. 

It should be noted that the sperture of an antenna Is net in general equal 
to its physical cross section. Particularly when describing reflector or horn- 
type antennas whose cross-sectional dimensions arc large compared to the 
wavelength, it is customary to speak of the eferture efficiency, cefined as the 
ratio of the aperture to the croas section. The aperture efficiency usually 
falls between SO and 60 percent In practice. 

The utility of the antenna parameiers just defined can be illustrated by an 
example. Suppose we wish to calculate the power received on a given antenna 
from a transmitting antenna at a aistance, both assumed to ve in free space. 
The appropriate equation ls 


; GrGar® 
for matched loads. Here Py and Py are the received and transmitted powers, 
respectively; Gr» and Gr are the corresponding antenna gains, taking into 
account the relative orientation of the antennas; and A anc X are in the same 
units. 


In terms of aperture, Eq. (29-3) becomes 
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The modification of these formulas which {3 required when the propagation 
involved ‘s not ‘free space” {3 discussed in Chapter 3:. 


29.2 Antenna Bandwidth: Definitions and Limitations 

Because oi the ever-present pressure in ECM syatems to Increase coverage 
ts higher and to lower frequencies, and to accommodate the widest posalole 
band of frequencies In each system component, one of the most pertinent 
basic considerations in ECM antenna design je the question of the inherent 
bandwidth capabilities of anternes of limited size. Every engineer who has 
ever undertaken the design of an ECM antenna {s aware of the practical 
difficulties involved in achieving antennas combining patterna and impedance 
which are useful over wide frequency bands with acceptable antenna size. 
Those who have undergone this experlence are uniformly convinced thst 
nature sets fundamental limits on the bandwidth which can be achieved with 
an antenna structure of « given size, and indeed this js true. 

In discussing the bandwidth of an antenna, we must first define what is 
meant. We do not mean the “tuning range” of the antenna. However useful 
antennas that require readjustment of thelr physical parameters when the 
input frequency is changed may be In practice, such schemes are excluded 
from consideration here. In the discussion which follows we confine our at- 
tention to antenna structures whose physical parameters (including the 
physical values of the elements of the matching network) are fixed. We define 
the dandwidth of an antenna, then, as the frequency zange over which all of 
the operationally significant performance parameters remain within acceptal.!c 
limits. We will generally deal with the fractional bandwidth, 8, “e°ned by 
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where fy and /, are the upper and lower limits, respectively, of the frequency 
range through out which the performance is acceptable. 

The requirement that ali of the important performance parameters be 
acceptable is so obviousiy reascnable that it hardly seems necessary to 
labor the point. In fact, however, it is not uncommon for antenne Inventors, 
aad even antenna users, to restrict thelr attentlon to only one parameter, 
usually the input Impedance, when describing the bandwidth of a particular 
antenna, The consequence of this regrettable single-mindedness can be, and 
too often is, an ECM system which falls to fulfill its intended purpose. 

Definiag an acceptable range of input impedance Is relativel: easy. It is 
usually done in terms of the VSWR on a transmission line of established 
characterist!. impedance. Traditionally, VSWR's of 2:1 or less (correspond- 
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ing to &@ maximum power reflection of i1 percent) are regarded as acceptable 
for transmitters employing negative grid tubes. Magnetron transmitters, 
which are subject to frequency pulling when connected ic mismaiched long 
lines, usually require lower VSWR’s. In receiving applications, VSWR's up tc 
5:1 are generally acceptable. 

Defining acceptable variations of the radiation paiterns of ECM antennas 
fg a much more sophisticated matter. Radiation petterns which are optimum 
for vazlous operational situations are discussed In the Sectlona 29.3 and 29.4. 
An optimum pattern represents a prescription of the gain over the angular 
range of Interest. From this standpoint, then, a definition of acceptable pat- 
tern performance would take the form of allowable deviations from the opti- 
mum galn, In additlon to the complexity inherent in the multi-dimensioned 
nature of such a criterion, a further complication arises because the varia- 
tion of ECM system effectiveness with antenna gain lz not linear, so that 4 
Gecibel !n one sector of the radiation patter: “coats” more (or less) than a 
decibel {a some other sector. In practice, it is customary to set limits on the 
radiation pattern in terma of acceptable ranges of power gain within « snecl- 
fled angular sector, disregarding the pattern outside this sector, 

In addition to input impedance and radiation pattern, Important para- 
metera In any antenna application, other performance Darameters may te- 
qulre specifications in some applications. The polarization performance cen 
be specified in severa! ways, the most common being to define an acceptabie 
range for the ellipticity ratio or to define the desired polarization and place a 
limitation on the fraction of the radiated power which appears in the un- 
desired polarization, Where the radiation phase is important, as in some 
Ajrection-finding systems, acceptable tolerances on this parameter must be 
established also. 

The bandwidth of any physical antenna, deflned as above, is subject to 
certain intrinsic Hmitations. No radiating structure, whatever its size or 
configuration, can provide useful impedance, and polarization perforniance 
over an Indefinitely large bandwidth. Indeed, as we shall see below, the band- 
width becomes vanishingly small If we specify performance excecding some 
“natural” value associated with the aize of the radiating structure, Super- 
performance in gain, uniformity of Input impedance, and purity of polarize- 
thon are mathematical curiosities of absolutely no practical value to the 
antenna designer. 

Any antenna, whatever its configuration, Is in effect a mode transducer 
whose purpose is to transform electromagnetic energy from the TM made 
of the feed line or driving circuit to the radiating 7A» and 731,,. spho-'cal 
waves, or vice versa. Associated with this transformation are 3 large number 
of other modes all of which serve to store energy, but none of which produce 
radiation et a distance or contribute uselully to the aseociated circults. 
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Ficuage 29-1 Coordinate ayctem. 


In terms of the coordinate syatem 
Gefined In Figure 29-1, the radiation 
pattern of avery verticeily polarized 
anienna can be regarded as a linear 
superposition of TM», modes and 
that of every hosizontally polarized 
antenna as ex superposition of 7Z,. 
tncdes. Both TE and 7M modes are 
present when the radiated field is el 

| er | ‘ptically polarized. The angular «de- 
' « . . « = i 1s ie ie pendence of the elementary spherica! 

: waves of both types la described by the 

Fiaunn 29-2 6-dependence of elementary series of the associated Legendre poly- 

radiating modes. nemials, which behaves somewhat Jike 

a Fourier series in the angular interval from 0 to wr. The patterns of omnl- 

directional antennas, for which the radiated fleld haa no ¢ dependence, gre 

deacribed by TAM, ard/or TE,, modes. The 6-dependence of the first few 

of these modes Is shown in Figure 29-2. Ic is clear that, the higher the gain 
of the antenna, the higher che order of the TE or 7M wave nvolved. 

From the Impedance standpoint, an antenna can be rey ented by an 
equivalent circuit like that shown in Figure 29-3 In this equivalent circult 
the coupling networks. V,, Vy,.., Na represent the role of the antenna and 
feed structure in energizing the required radiating modes represented by the 
impedances 71, 2y,..., 4,. When the radiation pattern is specified, by fixing 
uli cf tie nonzero /,,'s, the antenna design problem [s to obtain, by the proper 
choice of antenna configuration and feeding arrangement, the proper form 
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of N,,’s. In so doing, the designer finds that he has constrained the input 
impedance. Conversely, he finds that, if the Input impedance Is initie!ly speci- 
fied, the radiation pattern will be constrained, It is not possible to design an 
antenna to meet, simultaneously, independently specified pattern and im- 
pedance behavior, even when cach is known to be physically realized when 
associated with other impedance or pattern functiong, 
The constraints Imposed on the in- 
put impedance of en antenna with a 
sy igeenn ioe |S. specified radiztion pattern have been 
| i | analyzed by Chu (Reference 2). He 
q"-Ppee eee =" — —~-describes the constraints on the input 
impedance in tezms of lower bounds 
fos the Q of the antenna. To obtain 
‘the Q of an antenna with a specified 
pattern behcvior, he describes the Z,,'s 





re: ele oe ! 5 |In the equivalent circult of Figure 


(29-3 by appropriate equivalent cir- 


Ung eae , , cults, as shown In Figure 29-4. He 


assumes that the networks, A’, are 
of the minimum reactance type, that 
is, that they store only the energy 


Fiovar 29-3 Enuivalent circult represent- 
ing antenne. 


Ae ik. required to snake the transformed 
Las impedance a pure resistance at the 
ee bi ae ee operating wavelength. Since no dis- 
Tat Woes hie tributed network, such as an an- 
; te « tenna, can truly be of the minimum 

ft. & fe- lh Ge - & 


‘ 
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ol F Lipid reactance type, Chu's calculated Q's 
me §86 sve” OF @ Aw are lower than can be obtained with 
tog y | _ "la physicaliy realizable entennas, His re- 


Pid, Weve at win sults are nonetheless of yreat algnifi- 
Frovar 29-4 Equivalent circuits for Zm's. cance !n antenna design. The modal 
a = radius of sphere encloeing antenna; equivalent circuits of Figure 29-4 are 

c = velocity of light. all high-pass filters. ‘thin is on very 
important observation, Let us re-emphanize It. Avery radiating device is a 
high-pass structure. In other words, every physical antenna ls characterized 
by a lowe: frequency limit below which its radiating properties are uselsss. 
When the circumference of the sphere enclosing the antenna In less than n 
wavelengths, the equivalent circult for the TZ, or TM, mode behaves essen- 
tially a3 a purc reactance, #.¢., the frequency Is below cutoff. For smaller 
antennas at this frequency, or for lower frequencies, the Q rises astronom- 
fcally. We note that, for the higher-order modes, corresponding to highes 
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antenna gains, the cutcff frequency is directly proportional to the order of 
the mode, In other words, the greater the galn required at a given frequency, 
the larger the aritenna structure required. it is of ious thet the Input Q of 
the antenna fs higher when the higher-order modes are used. This accounts 
for the Important but sometimes insufficiently recognized fact that high-gain 
untennas inherently have narrower bandwidths then low-gala antennas. 

Jt is obvious that the highe: the Q of an antenna, the more difficult it is 
to match over a wide band. In fact. if the degree of match required is too 
atringertly defined, a high-Q antenna becomes a spot-frequency device no 
matter how sophisticated the impedance-matching network. The genera! 
problem nas been studied by Fano (Reference 3). Similar results in a par- 
ticularly useful form have been given by Tanner (Reference 4). These are 
summarized in Figure 29-5. This curve shows the opitinium matching of an 
antenna whose input impedance can 
be represented over the frequency 
range of interest by a simple resonant 
clrcult, corresponding to Chu’s loweat- 
order modal equivalent circult, ob- 
tainable with a matching network of 
wm elements. The abscissa is labeled 
in terms of the product §#Q, the 
fractional bandwidth times the an- 
tenna Q. ‘The @ of the antenna Is 
obtained from the definition 1/0 : 
Al/},, where f, Is the resonant fre- 

Py quency and Af the dalf-power band- 
Fiovny 29-8 Sianding-wave ratio vs. 60. width. For a simple setles-resonant 
fs fractional bandwidth in terma of cteeult, the half-power frequencies are 
Reckrapre Ck eau ee . those for which the reslstance is equal 
T= Ne MEE: to the reactance, The Interpretation 
in the cause of measured antenna impedances can be visualized In terms 
of Figuie 29-6, Here the measured Impedance of a particular antenna {Is 
shown as the dashed curve on a Smith chart. Rotated through a section of 
transmission line, the impedance takes the form of the solid curve with circle 
points. This impedance can be quite accurately represented by the equivalent 
cireult of Figure 29-7. When the shunting susceptance of the parallel reso- 
nant circuit has been subtracted, toe impedance follows the curve defined by 
the square points. Inspection of this curve shows that the half-power fre- 
quencies are approximately 216 and 230 Mc, and the resonant frequency Is 
approximately 222 Mc. Thus 
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Os -—~--; = 15 (29-6) 


Feno has anown that the optimuni matching of an Impedance of this type 
la obtained with a network of the form shown in Figure 29-8, consiating of 
eiternate shunt narallel-resonant and series serles-resonant clreults, When the 
equivalent circult of the impedance to be matched already includes a shunt- 
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Figuar 29-6 Measured antenna impedances. 
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Fiauet 29-7) Equivarnt cirevit, antenna Figunr 29-3 Matching network configur: 
impr dance of Figure 29-9, atlon, 
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ing circuit, thls susceptence can be considered as being !umped with the first 
element of the matching network. An cntiium match can be obtained if the 
built-in susceptance is smalier than that required for matching. If this is not 
the case, the bandwidth obtainable for a prescribed VSWR tolerance will be 
amaler thar that given by Figure 29-5. This situation will be recognized by 
antenna designers as the case where the liapedance curve ie already “tled too 
tightly” around the center of the Smith chart. The reader with experience In 
impedance matching will recognize alzo another resuit of Fano's work, that 
is, that the widest bandwidth at a given VSWR tolerance will be obtained 
with s matching network which does not yield a porfect match et any point 
in the bend. 

The imitations on impedance bandwidth given in Figure 29-5 are funde- 
mental, Other matching procedures can be used, of course, but the results ob- 
tained will, at best, equal those given in the igure. 

After the above discussion we can list some of the features which are com- 
mon to all antennas capable of wide bandwidth, Their patterns are simple 
and the gain {s relatively low. Their structure is simple and “clean,” with a 
minimum of sharp corners and other regions fcr excess stored eicrgy. At least 
one dimension is of the order of A/2 at tha iowest frequency in the band. 
Truly broadbend antennas do not require external matching elements, and 
are not perfectly matched at any point tn the band. 

Sectlon V describes briefly a variety of antennas which have such charec- 
teristics, 


29.3 Cptimum Antenna Patierns—JjJamming* 

In Chapter 13 the problem of determining the amount of 'smming power 
required to disable a radar is explored, In thic section we will explore the !m- 
plications of these resulta in establishing the radiation pattern requirements 
on & jamming antenna system. We will deal here with the ratio J/S, where 
J is the juniming power density and § the signal-power density, meusured at 
the radar antenna. Expressed in decibels, the general equation for J/S. Is 


J G, 


3 
. ab os 20 login R 4+- G, db 4- Py db — 10 logy a — es do (29-7) 
§ ay \ B 
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where R 's the slant range between the jammer and the radar (meters) 
Gr, in the antenna gain of the jammer 
VP, is the power density of the janimer (watts/megacycle) 


*The material presented in this sectlon da largely adapted from the excellent atudy of 
Reference §, 
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v is the radar cross section of the protected vehicle (square meters) 
P,, G,, and &, are the power output, antennc gain, and effective band- 
width of the radar, respectively 

This equation assumes that the jammer is carried on the vehicle to be 
protected and that the output spectrum of the jammer Is in the {crm of white 
noise. The ratio 7,G,,/5, expresses the role of the radar system parameters 
in determinin« J/S. For typical modern tracking racara, the ratio has values 
lying between 100 and 120 dbw/Mc. For surveillance radars, the satio is 
dependent on the elevation angle, typically felling about 6 db from the 
horizon to 20 degrees above the horizon, with horlzon values for typical 
modern radars of 90 to 113 dbw/Mc. 

In order to explore the effect of the jammer antenna pattern on J/S, we 
muat first obtain a value of o, the cross section of the vehicle to be prutected. 
Aa is wel! known, static measurements of radar cross section show e:treme 
fluctuations in magnitude which appear in a moving target as scintillation. 
The median value of the cross section in 10-degzee sectors is convenient for 
our purposes here. For a B-47 aircraft, for example, 8 good approx!mation 
for the median value of o Is independent uf the elevation angle, and has 
quadrant asymmetry In azimuth. It is described Jn the equation 


o = 10m? (O 3 ¢ <; 60°) 
=z 10°8e""* ms? (60 S 4 SS 90°) 


The radar cross section of ship targets {s complicated by the fact that such 
targets often Jntercept more than one lube cf the radar beam, and may have 
dimensions (in range} exceeding one pulse length. Average values have been 
obtained by comparison measurements at the Naval Research Leboratory. 
According to these data (Reference 6), the following are typical at X-band: 


Vessel db abuve 1 m! 
Battleship 66 
Aircraft varrier 61 
Heavy crulser 56 
Destroyer 48 
Destroyer escort 46 


Inserting the appropriate values for ¢, for P;. and for the ratis P,G,/B,, 
we can calciiiate the apatial distribution of J/S from G,. Conversely, If we 
can determie, by the methods outiined in Chapter 13, the required values 
of J/S at ali nossible radar locations, we can determina the optimum spatial 
variaiion of G,, iec., the optimum Jammer antenna pattern. We will illustrate 
the first procedure with an example. Consider an airborne jammer at an alti- 





Fiouns 29-9 Calculated contours of con- 
stant J/S. Contours marked with J/S In 
decibels. 

h-47 cons section 
approximation 4. 

Jamming power 100 w/Mc 
againat a Nike-Zeua-type 
tracking radar, 

Alrcraft altitude 7.§.000 feet. 

Linear polarization. 





Fiourn 29-11 Contours for jamming an- 
tenna aystem of four sectoral horns, all 
antennas connected in parallel Contours 
marked with J/§ In decibels. Alreraft alti- 
tude 78,000 feet, B-47) crom-xection ap- 
proximately d. Jamming power 100 w/Mc 
agninst a Nike-Zeus-tygn tracking radar. 
Jamming antenna beamwidth ~s 6$°, 
Galn = 10 db. Directed at ga 4s°, 
138", 228°, ancl §15°. 4 120°. Linear 
polarization, 





Fiounn 29-10 Contours for jamming an- 
tenna system of fuur sectoral horns, radar 
known to be {n quadrant shown, Contours 
marked with J/S in decibels. Alrcraft altl- 
tude 753,000 fect. B-47 cross-saction ap- 
proximation A. Jamming power 100 w/Pic 
against Nike-ccus-lype tracking radar. 
Jamming antenna odeamwidth = 68°. 
Gain = 10 db. Directed at oe = 48°; 
6. = 120°. Linea> polarization. 


ee 


hte me 





A 
1 10 





SG 100 fe 1 180 
ilevetion angie IA, Cogrens 

Ficvar 29-12) Optimum jammer antenna 
patterna, Antenne gain tn decibels above 
Isotrople galn. Aircraft altitude 75,000 
feet, Jamming io be Hmited to radiua wf 
123 miles. Pattern asymmetry in all four 
quadrants assumed. Linear polarization. 
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Fiovax 29-15 Optimum jammer antenna 
patterns, jammer power density three 
tines higher than for Figure 29-12. Air. 
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Fiovax 29-14 Catia Jammer antenna 
patterns, kil! rrobability inversely propor- 
tlonal tu range. Antenna gain in decibeis 
above isotropic gain, Alrciaft altitude 
75,000 feet. Jamming to be Iimited to 
radius of £25 miles. Pattern asymmetry in 
all four quadrants assumed. Linea> polar- 
Isation. 





tude of 75,000 feet with a power output of 100 w/Mc flown against « track- 
ing radar with a value for the ratio P,G,/B. of 118 dbw/Mc. Figure 29-9 
shows the calculated coitours of constant J/S on the surface of a plane earth 
in the quadrant forward and to the left of the aircraft, for a iineariv polar- 
ized Isotropic jamming antenna. Figures 29-10 and 29-11 show almilar sets 
of contours for the case where the Jamming antenna system consists cf four 
sectoral horns, each with # oeamwidth of 65 degrees and a gain of 10 db, 
directed 30 degrees below the horizon and at azimuth angles of 45, 135, 225, 
and 315 degrees, In Figure 29-10 it is ussumed that the general location of 
th: .adar {s known to be in the quadrant shown, and all of the power has 
peen switched to the appropriate aatenna. In Figure 29-11 all of the antennas 
are connected in parallel, but the outputs are not correlated, In order to 
eliminate the interference lobing between adjacent antennas, (This can bs 
achieved by wide spacing of the antennas or by inserting !n the feed of one 
of two adjacent antennas a time delay which |s long compared with 1/8,.) 
Contour plots of this type can be utilized to obtain quantitative comparisons 
of the jamming effectiveness of difierent antennas, If the characteristica of 
the radar are known, We can assume u value for J/S at which jamming ia 
effective, and compute the fractior of the ground area surrounding the air- 
craft and within the radar horlzon over which the threshold value of J/S is 
equaled or exceeded. For several reasons, some of which are discussed Jn 
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Chapter 13, such a comparison is of I!mitec interest. A more meaningiul 
comparison can be obtained by weighting the coverage areas obtained at each 
J/S tn sccordance with an appropriate jamming effectiveness function (which 
will always be monotonic {f the radar involved Is at ail sophisticated) and 
summing as before. 

The procedure for obtelning the optimum jamming antenna patterns con- 
sist of expressing in appropriate analytic form the effectiveness of the jam- 
ming antenna as described above, and of then obtaining, by an appilcation 
of the calculus of varlations, the functiona! form of G, which maximizes the 
jamming effectivencss expression. For the details of the re ve tricky mathe- 
matical procedures involved, the reader is referred ic Section 1Ve ~' Refer- 
ence 6. Two exampies will be shown. Figure 29-12 sucws the optimum ‘am. 
mer antenna patterns for the operational circumstancea deect.bed previo. | - 
In this calculation che jamming is limited arbitrarily to a radius of 123 mlies 
in order to avoid ihe singularities introduced in the integrals by the use of 
a plane earth model. The effect of the broadside peaks in o is obvious. It fs 
apparent also that radiation In the sector Immediately below the alrcraft Is 
not significant to Jamming effectiveness. Figure 29-13 shows the optimum 
patterns for the same situation except that the jammer power density is here 
assumed to be three times higher (or the value of the ratio P,G,/8, is 4.8 db 
lower) than in Figure 29-12, The most signidicant change in the patterns {s 
the reducton of the size of the “no jamming" nu!l below the aircraf¢. 

The optimum pattern analysis described has at least two weaknesses. The 
firat in that the derivation assumes a knowledge ef the radar performance, 
and in particular, the relationship between //S and jamming effectiveness. 
In practice, it is virtually impossible to de‘trmine these characteristics about 
our own radars, let alone those of a potential enemy. Some relief from this 
dilemma is afforded by the fact that analysis shows that the optimum pat- 
terns calculated from an assumed set of radar parameiern are very neariy 
optimum for variaticny up to +6 db in radar performance. The second 
weakness of the optimization procedure is that {{ Goes not take Into account 
the fact that in maiiy cases famminy the radar js only a means to an end, It 
ia degrading the kill probability of the weapon system which we are really 
after, 

The relationship between radar jamming effectiveness and weapon-system 
kill probability involves an array of intricate factors, moat of which are no? 
determinable. It is worth while, however, to exumine the effect of Introducing 
various reasonable assumptions. For example, the kil! probability of certain 
ground-to-alr missile systems is a function of distance from the launch point 
to the target. In Figure 29-14 is shown the optimum jammer-antenna pat- 
terns for the same situation as in Figure 29-13, except that we have assumed 


ANTENNAS 29-15 





here that the kill probability is Inversely proportional to range, ar? that the 
radar and the missile Iauncher are lucated at the same site. Note chat the 
new pattern distributes the Jamming power so that less energy is directed 
toward the horizon, and more energy is directed downward, as would be 
expected. 

The threa. from surface-to-surface, ground-to-a!r, or air-to-alr missles will 
have definite range end velocity limitations which wil! be primary factora in 
deie-mining the ‘oundary of the svace in which jamming ts significant. 
Ii the target were —tlonary in space, the range Himitation of the missile 
would eliminate the threat from inissile launchers outside « circle having a 
radius about equal to the maximum range of the missile, centered on the 
target. In the cuse of aircraft targets, the center of the circle of vulnerability 
Hes forward of the aircraft a distance which depends on the relative veiccity 
of the alrcraft and the miss!le, When the two velocities are equal, the circle 
of vulnerability will pass through « point just forward of the alrcrafi, since a 
missile Jaunched just aller the aircraft passes will never overtake the gir- 
craft, Analytically, the center of the circle of vulnerability is centered at a 
polnt forward of the alrcrait a distance d, where 


d me R(V./Um) 


and a radius X, where & is the maximum range of the missile, v, and v,, are 
the average velocities of the aircraft and missile, respectively,” and the ap- 
proximation sign is necessary because of altitude and maneuverability con- 
siderations. 

In evaluating jamming antenna patterns, the existence of a circle of vul- 
nerabllity {s an important factor, slace jamming power radiated outside It is 
ineffective. Sometimes other factors associated with the weapons system 
modify the optimum spatial distribution of Jamming energy. For example, 
some radars cannot be slewed fast enough to track targets passing nearly 
overhead. Operational doctrine may limit the sector of vulnerability. ax, for 
example, waen tall-chase missile launchings ave prohibited because of the 
danger from the tall guns of the target alrcraft, or when targets are passed 
through a radar net in such a way that the effectiveness of antijam tech- 
niques designed to operate against chaff are optimized. 

Time deiays in the grotind defense systern can have a critical effect on the 
optimum distribution cf jamming energy. For example, after surveillance 
and acquisition radars have clearly detected and identified a target, the 


*For nir-to-ale mobesiles, the missile velocity includes a vehlele velocity and a differential 
nilscte velocity at Isunch, so that the average missile velocity for small Aight distances 
bn high. 
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target-tracking radar must Le slewed (o the correct azimuth and elevation, 
and be permitted to track continuously for some minimum time to permit 
cemputer ‘settling’: the total delay Involved may be of the order of 15 
seconds, during which a Mach 3 aircraft has traveled 8 miles, The time of 
flight of the attacking weapon may represent a substantial time delay. If the 
target must be continuously tracked by the ground redar for the full time-of- 
flight, the effective //S may be taken us the highest //S experienced dy the 
radar during that interval, Figure 29-15 shows a ‘y,vical set of //S contours 
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Fiourn 29-15 Typleal set of J/S cnn- 
tours adjusted to account for effect of time 
delay. J/S contours marked in decibels. 
Shift of J/S contour Hnes to account for 
minimum tracking time equal to pilsalle 
flight time from launcher to intercept 
point. % = Mach 2.5; ta = Mach 30; 
Rw» * 100 miles. 


adjusted to account for the effect of time delay. The aaffta in the J/S con- 
tours broadside and to the rear of the alrcraft are ..arked, and would sub- 
stantially affect the optimum Jamming antenna pattern, 


29.4 Optimum Antenna Pattorns——Intercept 

In this section we will employ an analysis similar in structure to that used 
In the previous section to obtain the optimum radiation pattera for an an- 
tenna to be used with an intercept recelver. The appropriate measure of the 
performance of an intercept rm ..iver is its output algnal-to-nolse ratio for a 
specified radar und a specified tactical geometry. Expressed in decibels, the 
general equation for 5/N Is 


S/N =z} 20 logind — 20 logy Ro + Py dbw 4- Gy db 
t Gym NF —~ 10 logy By -t 122 dh (29-8) 
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where A is the wavelength (meters) 
R {s the slant range between the Intercept rece'ver and the radar 
(ineters) 
Py is the peak power of the raclar 
Gp is the antenna gain of the radar 
G,, NF, and 3, are the antenna gain, noise figure, and effective band- 
width of the Intercept receiver, respectively 
This equation assumes Hne-of-sight propagation. The value of 8; {s cal- 
culated from the expression 


B, = V 2B,,By et B,} 


Seaham 
om. | where B,, and B, are the rf and video 


cent bandwidth, respectively, and ali the 
| terms are in megacycles. 

It is worth while to calculate the 
anatial distribution of S/N for typical 
cases. We will assume that a crystal 
video intercept receiver with travellng- 
wave-tube preamplification fs cerried 

| in an aircraft at an altitude of 75,000 
-—- iw feet, end calculate the variation of 
feed Aer Merten mie S/N with ground distance for an Isc- 


Fiovar 29-16 S/N vs. ground distance tropic intercept antenna. Figure 29-16 
for alde-lobe reception. Curves labeled for shows two cases, as follows: 
parameter siver: in text. 


CASE I: L-Band (1900 Mc) 
Pa = 250 kw 
Gry = typlca: of a surveillance radar, varying from 42 to 21 db with 
elevation angle 





1? oe 


NF = 25 db 

B, = 31.6 Mc, corresponding to 500-Mc sf bandwidth and 1-Mc 
video bandwidth 

CASE: X-Bard (10,000 Mc) 

Pra =: 250 kw 

Gy == 43 db, corresponding to a 6-ft antenna tracking the aircraft 

NF = 30 db 

B, = 180 Mc, corresponding to 3000-Me rf bendwidth and 4-Mc 
video bandwidth 


The signal-to-noise ratios pintted In the figure are for side-lobe reception, 
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assumed to be 30 db below the maln-lobe levels. The effect of the elevation 
pattern of the surveiliance radar on the S/N distribution is obvious. 

From Figure 29-16, It is clear that untenna gain {/s not a Iimitatiun on the 
performance of the intercept system against surveillance radars at the low 
microwive frequencies. On the other hand, the signal-to-noise performance 
of the assumed Intercept system against X-band radars {s inadequate at 
relatively short distances when a low-gain recelving antenna {s used. If an 
intercept antenna with a gain of 10 db were usec in the same circumstances, 
an S/N uf 10 db could be obtained at a range of &0 nautical miles, a nearly 
ten fold Increase in the ground area covered by a ferret mission. 

If the frequency Is increasec stil! further, the necessity for a relatively 
high-gain intercept antenna becomes even more epparent. Consider a typicai 
situation at 30,000 Mc. 


Px =o: 25 kw 

Gy == 44 db 

NF = 20 db (good traveling-wave-tube performance) 
Bore = 380 Mc 


With an laotropic Intercept antenna, the maximum range on —30-db side 
lobes for S/N = 10 db would be about 16 nautical miles. If the intercept 
antenna had an aperture 2 Inches square, yielding a yain of 21 db, the maxi- 
mum range would be incrensed to 87 nautical miles. 

The extent to which Incressed intercept antenna gain can be utilized to 
increase tne coverage area of a ferret miasion is limited by other conaldera- 
tions. From the standpoint of technical Intelligence it is dealrable that a 
target rader remain within the beam of the intercept antenna for several 
radar acan periods. With high-speed aircraft, high-gain Intercept sntennas 
may not permit this. 

In some ferret installations, the intercept antenna beam I» pointed 45 de- 
greea off the nose, rather than broadalde, in order to increase the length of 
time that a target radar at a particular distance from the track of the air- 
craft remains within the intercept cntenna beam. This procedure has the 
effect of jucreasing the minimum range to the target radar, and ‘t ts necessary 
to increase the antenna gain (by 3 db) in ozder to maintain the same S/N, 
The increased gain results in a narrowed beamwidth, so that no Jmprove- 
ment in “intercept time’ {s achleved. If the iower S/N can be tolerated it {s, 
of course, possible to increase the intercept time by using a lower-gain an- 
tenna pointing broadside. 

A truly “optimum” intercept antenna pattern would employ beam shaping 
in the vertical plane to obtain a uniform $/N performance Independent of 
range, Only if the receiver sensitivity is very low, or the signals of interest 
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are very weak, does this complication appear worth while, hcwever. A con- 
sideration of far greater practical importance {Is finding Intercept antenna 
locations which yield “clean” patterns, free from deep lobing five to reflec- 
tions from surrounding structures. Such lobes can serlously deteriorate the 
performance of the Intercept system. 


29.8 Typical ECM Antenna Designs 

A tremendous array ox different antenna types have bee’ developed for 
ECM applications. A complete survey would be beyond ¢ woe of this 
chapter. Rether, we will confine curselves here to a survey of a number of 
antenna types which have found important applications to ECM. No at- 
tempt will be made to present design data. Our attention will be confined to 
those principe] characteristics of greatest Interest to the potential user— 
VSWR and patiern bandwidth, gain, and over-all size. The categories used 
are for convenience only, and are not presumed to be entirely unainbiguous 
and nonoverlapping. 

Flecteic Dipoles. Electric dipoles and monopoles are pecshaps the most 
widely used of all antennas. Many different designs are available, but all are 
characterized by a radiation pattern which is rotationally symmetric ebout 
the axis of the antenna, and polarized in the plane contelning the axis of 
the antenna. ‘Vhen the electrical length of the dipole is near or below A/2 
(A/4 for a monopole), the gain is nearly constant at 2 db relative to an iso- 
tropic source, and the receiving cross section is approximately A¥/8. As the 
electrical length is increased beyond A/2, the gain is increased slowly and the 
pattern breaks Into several lobes. 

The VSWR bandwidth of an electric dipole tends to increase as the length- 
to-thickness ratio decreases. This effect ‘s utilized in the conical monopcole 
and biconicai dipole, Figure £9-17¢ and 6. The 2:1 VSWR bandwidth can 
be as large as 10:1 for a 30-degree half-argle cone, with the low-frequency 
cutoff at a radius of abuut A/6. The radiation patterns tend to break up 
when the cone radius exceeds 3A, however. A modification proposed by 
J. F. Byrne, Figure 29-17¢, uses conical power-dividing septums to suppress 
the higher-order TAf modes aid yields a pattern bandwidth comparable with 
the VSWR bandwidth. The discone antenna shown In Figure 17d has band- 
width properties similar to the simple cone, but does not require a ground 
plane. Figure 29-i7¢ shows a dipole version of the discone, incorporating a 
balun, which has en equally good bandwidth and {s particularly useful as a 
feed for a reflector-type antenne. 

A simple antenna possessing some of the attractive bandwidth features of 
the cone kut more practical at the lenger wavelengths is the multiwire fan. 
Kans with a half-angle of 50 degrees conztructed of four or five co-planar 
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Fiovrg 29-17 Dipoles. (a) Conical monopole; (8) biconical dipole; (¢} Byrne modiA- 
cation; (d) discone antenne; (¢) dipole version of diacone 
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Frovuar 29-18 Planer monopoles. 


wires are quite broadband. The VSWR uniformity can be increased some- 
what by taperlng the length of the wires across the fan. 

Planar monupoles*® possessing 5:1 VSWR bandwidths of 10:1 are sketched 
in Figure 29-18. The crossed-plate configuration of Figure 29-18¢ yleids 
quite uniform #-plane patterns, while the threc-plete periodic structure of 
Figure 29-186 has //-plane patterns which tend to become unidirectional at 
the higher frequencies due to the reflecting actions of the larger placea. Low- 
frequency cutoff occurs when the maximum plate dimension ts approximately 
r/8. 

It) the sleeve dipole, one or two auxiliary conductors are arranged so as 
to transform the feed polnt to a reglon of the current distribution which 
provides broadband impedance compensation. Several variations are sketched 
in longitudinal section in Figure 29-19. The 2:1 VSWR bandwidth of these 


"Developed at Sylvania Blevtronte Defense Laboratory, 





ANTENNAS 29-2! 


pot 7 ome } e 





as" 
t ® 
ui § gi | : 
La 
tj | oo 
| | sin 
= seheo 
a) 


td) 





tection AA 


(ry 
Fiouns. 29-19 Sleeve dipole configurations, jongitudinal sectlons, 


designs can be as great as 5:2 with the low-frequency cutoff at approximately 
L = 4/6, The patterns tend to aplit up when L exceeds 0/2, but may be use- 
ful to perhaps twice that frequency, The partial sleeve configurations of 
Figure 19¢ and d are particularly adapted to strip conductors as shown, In 
this form they are sometimes embedded In teinfurced plastic panels te pro- 
vide a compact and rugged antenna “package.” 

The annular slot antcena is a flush-emounted electric monopole which ts 
useful in certalss ECM applications, particularly on olrcraft, The pattern 
and VSWR can be controled quite closely over bandwidths of evout 2:1, if 
the depth of the backing cavity {ts sufficient. The low-frequency cutofi occurs 
when the circumference of the slot ts of the order of 1.4,. 

A finel electric dipele type worthy of mention is represented by the fsolated 
Wing-cap and tall-cap anternas used in certain aireraft: apoileations at HE 
and VHF. The general configuvation is sketched in Figure 29-20. A properly 
proportioned isolated section can yleld revxonably good VSWR bandwidths at 
frequencies as low as JO Me on an alreraft the size of a Be47, ‘Phe patterns 
are characterized by large numbers of lobes and substantial cross polarization, 
Since clean’ patterns ace virtually inepossible to obtain an aireraft: dia this 
frequency range, the usual practice is ta rationalize the utility of Uhe pat- 
terns obtained, 





mid Jae 


29-22 ELECTRONIC COUNTERMEASURES 





iauan 29-20 Isolated wing-cup and (all-cap antennas. 


Magnetic Dipoles. The ciassic form of the maynetic dipole is the con- 
stant current loop, which {s almoat never used for ECM. A magnetic dipole + 
which Is used Is the Hnear slot. Slot antennas which radiate on both sides 
of the metallic svrface In which they are cut have impedance and pattern 
characteristics which ure complementary tu those cf electric dipoles, ao that 
thelr bandwidth properties and cutoff dimensions are the same, Wherc a 
backing cavity is required, which is usually the case, the bandwidth is re- _ 
duced. 
Three different slot antenna arrangements are sketched in Figure 20-21. 
The T-fed slet of Figure 29-21¢ has a 2:1) VSWR bandwidth of about 2:1, 
with uw low-frequency cutoff ato <= 0.64. The &-plane half-power be.m- 
width varles from uboui 80 degrees ut the low end to about 45 degrees at 
the high end of the band. The arrangements of Figure 29-216 and c* which 
radiate on both aides of the slot plane have VSWR bandwidths of approxl- 
mately 3.5.1 The conical probe of Figure 29-¢1¢ is particularly suited for 
urrangements where the slot ia cut in n septum projecting from the ground 
plane as shown and provides a smoother transition to the feed cable than that ee 


Pee 


*Developet originally ai the Suantord Resvarch otatitute, 
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Fiounn 29-21 Slot snteanas, fiont views and cress sectlons, 


of Figure 29-256 at microwave frequencies, Low-frequency cutoff occurs at 
i z= 4/3 fur these arrangements. 

Figure 29-22 shows the constructlun of @ aluiced cylinder antenna® which 
provides an omni-azimutha! horizontally polarized pattern and a 3:1 VSWR 
bandwidth of abcut 1.7:1. Its low-frequency cutoff occura when the length 
of the cylinder is approximately 0.44. Figure 29-23 shows the construction 
of a waveguide fed slotted cylinder which provides horizontally polarized 
omni-azimuthal radiation fram 4.4 to 9.1 kKMs., 

Hellx and Spiral Antennas. The helix and the spiral are examples of an- 
tennas which produce radiation which is inherently circularly poiarized. ‘Phe 
helix, Figure 29-240, can redlate In two different modes, the axial mode and 
the normal mode. In the axial mode, which occuca when the circumference 4s 
of the order of the wavelength, the eld Is a maximum in the directiun of the 
helix axis. In the nermal mode, which occurs when the helix dlmersions are 


*Developed at Airborne Tostruments Laboratory 
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Fiaumrn 29.34 Helicnt antcanas. (a4) Helix: 
(6) clrealarly polarised cavity antenpa, 
Blade antenna with slots (cf) hele with increased bandwidth; (d) 


In broad faces. Dimensions in inches. cavity mounted conical helix 
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small compared with the wavelength, the Seld is a maximum In the plane 
norma! to the helix axis. Optimum axial mode performance cccurs when the 
pitch angle is about 14 degrees, the circumference is between 34/4 and 44/3, 
and the number of turns exceeds 3. Designs of this kind provide exceilent 
VSWR performance, constant beamwidth ind circular polarization cv-, 
bandwidins of up to 1.8:1, with low-frequency cutoff occurring when .1e 
circurnference is about 0.7/A. The gain Is a function of the number of turns, 
and is about 10 db for a 6-turn helix. Short (2- or 3-turn) helixes are often 
enclosed in circular cavities to provide a flush-mounted circularly polarized 
antenna, as sketched In Figure 29-246. In order to meintain the low-tre- 
quency cutoff of the helix, the cavity diameter must be approximately 2.4 
times that of the helix. 

The bandwidth of the heilx can be substantially Increassd by winding the 
hellx on the aurface of a cone, particularly {f the spacing between the turns 
is Increased logaritamica!ly with the turn diameter. The antenns of this type 
sketched In Figure 29-24c* has a 3:1 VSWR bandwidth of better than 10:1 
with the low-frequency cutoff occurring when the maximum turn diameter {a 
ubout 6.54. The beamwidth varies between 70 and 90 degrees. The cavity- 
mounted conical helix of Figure 29-24dt, which employs a uniform turn 
spacing, provides a 2:1 VSWR barcwidth of betrer than 2:1, with the low- 
frequency cutoff at about D = 4/2. 

The spiral, which was originally con- 
celved by E. M. Turner and developed are 
extensively at The Ohic State Univer- ( 
sity Research Four.dation, the Univer- 
sity of Hlinols, and Massachusetts 
Inatitute of Teck: sviogy, isa very broad- 
band antenna which is inherently cir- 
culany polarized when permitted to 
radiate on both sides of the surface 


In which it is mounted, particularly Nn “/ 








when it !s made in the form of a 

logarithmic spiral (Figure 29:28). This — 
antenna can yield a VSWR anid pat- 
tern bundwidth as grest as 20:1, Low- 
frequency cutoff. occurs at approximately 220 = A/2. When a backing 
cavity is used, the bandwidth, particularly with respect to the uniform- 
ity of axial ratlo, is deteriorated to the ordez of 2:1. 


Fintme 29-25 logarithmic spiral antensua. 


*Designed at American Electrontle Labosatories Ine 
{Developed at Hocing Airplane Company. 
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Logarithmicaliy Periodic Antennas, The logarithmically tapered conical 
hellx and the logarithmic spiral antennas mentioned in the previous section 
are examples of logarithmically periodic antennas which ure related to the 
class of frequency-independent structures discovered by V. H. Rumsey. In 
these structures the geometry is arranged so that the patter and impedance 
repeat periodically with the logarithm of the frequency. For planar structures 
this {s acccnipilshed by defining their shape such that 6 is a periodic function 
of In r, where ry and 6 are the polur cvordinates in the plane of the structure. 
Then if In r 1s the period of In 7, the operation of an antenna of Infinite 
extent would be the same at all frequencies related by Integra! powers of +. 
For the basic structuze of Figure 29-262 


ro Apt (29-9) 


If the shape of the structure and the fector + can be made such that the 
variation of the pattern and impedance over the period 'n +r !s small, then 
this will hold true for all periods, the result belng a very broadband antenna, 
For finite structures, {t has been found that the “end effecta” produced by 
the abrupt termination of the periodic structure is small, so that wide band- 
widths can be achieved in practice, so long as operation is confined to fre- 
quencies above the low-frequency cutcff. For the antenna of Figure 29-260, 
the low- and high-frequency limits occur when the iongest and shortest 
“teeth,” respectively, are approximately A/4. 

The antenna o: Figure 29-260* radiates a bidirectional horisontally polar- 
ized pattern with approximately equal and constant principal plane beam- 
widths. The VSWR on a 170-chm balanced Ilne connected across the vertex 
la close to unity over the band. The nonplanar structure of Figure 29-266T 
behaves similarly with frequency, but yields an cndfire pattern, with its 
maximum along the Y axis, and with a front-to-back ratlo on the order of 
i0 cb. The nonplanar wire structure of Figure 29-26¢ has similar properties. 

The structures of Figure 29-276 aud 6 yle!d circularly nolarized endfire 
patterns with tae bandwidth properties previously desc cibed.f These atruc- 
tures take advantage of a proper%y pecullar to the logarithmically periodic 
element, that is, that the phase center moves Hnearly back from the vertex 
by a distcnce of one period when the frequency is lowered by an amount 
corresponding to one pericd. This permlis the 90-degree phasing of two 
orthogonal Hnear radiating elements required to achieve circular polariza- 


*Concelved by KR. H. Dullamel at the University of Ulinola. 

TConeeived by YD. KE. Isbell at the University of Mhinols. 

tThe structure of Figure 20-270 was investigated by Isbell at the University of Minols, 
and that of Flgure 26-276 by J. W. Schomer at Granwer Associates, 
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Fiovar 29-20 Logarithmically periodic antennas, (¢) Antenna of structure of Eq. (29- 
9); (6) nonplanar structure; (¢) nonplanar wire atructure 


tion by constructing the two elementa (I and Ii in Figure 29-27) such that 
the “‘space phase” of the structure of one element leads or lags that of t*e 
other by one-fourth of the geometric period. A similar procedure is used In 
the crossed plane structure of Figure 29-28 to obtain an omnidirectional hori- 
zontally polurized structure capable of very wide pattern and VSWR. band- 
widths. 

Before leaving the subiect of logarithmically periodic antennes, it is worth 
while to note that high galn endfire patterna exhibiting the frequency-inde- 
pendent properties of those of the antennas mentioned above can be obtained 
by arraying logarithmically periodic endfire elements Ilke those of sigures 
29-266 and 29-27@ and 6. The arraying required to maintain the frequency- 
independent property {is simply to arrange the clements so that they posses 
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Fiuvax 29-27 Structures ;lelding circularly polsrized enddre patterns. 
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Fiauag 29-28 Crosacd-plone structure for 
omnidirectional radiation, 
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Fiovar 29-29 Transposed dipole logarith- 
mically periodic antenna. 


a commoa vertex.* Mutual Imped- 
ances are w problem in achieving good 
array performance. In this regard, the 
sransposed dipole logerithmically perl- 
odic clementT of Figures 29-29 Is of 
particular Interest. This structure Is 
unique in that while it is appzoxi- 
mately planar it is also endfire. The 
absence of radial structures at the 
edues of the element cuts down the 
mutuals when the element is used in 
un array, 


Horr Antennas. Horn antennas are widely used In ECM applicatlons, 
particularly at the highest frequencies, because of their relaiively good per- 
formance, structural simplicity, and the relative case with which thelr proper- 


*Such arrays ave been extensively investigated by Ko WL Dubllame) at the Collins Rado 


Compuny, 
tConcelved by Isbell. 
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Fioukx 29-30 Horn antennas. (@) Pyramidal horn; (6) Hnearly polarized hozn; (¢) 
and (d) design for approximately constant and equal &- and A-plene beamwidths. 





Fiourn 29-31 Refiector-type antennas. (a) Planar; (6) corner; (d) paraholic; (d) 
hoghorn. 


tles can be predicted. The pattern and VSWR bandwidths are comparable 
with waveguide bandwidths. The pyramidal horn sketched In s‘igure 29-30a 
employs a tapered dielectiic slug in a square-waveguide section to cbiain 
circular polarization. The bandwidth of the Huecarly polarized horn of Figure 
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29-300 has been extended by the use of ridges in a manner analagous to that 
of ridged guides. Figures 29-30c and ¢@ shows a unique horn design®* which 
provides approximateiy constant and equal E- and H-plane beamwidths, and 
a VSWR of less than 2:1 from 4 to 15 kMc. This structure uses “leaky” E- 
plane wails to achieve an approximately constant radiating aperture. 

Reflector-Type Antennas. Relatively high-gain unidirectional patterns 
are a frequent requirement in ECM applications, particularly for ground- 
based or shipborne applications. A simple method for achieving this is to 
combine a wideband radiator with a planar, corner, or parabolic reflector. 
Figure 29-31 shows several examples of such antennas. Many of the radiators 
previously described are useful as feeds. The plunar (a) and corner (5) 
reflectors are simple structurally and very satisfactory when relatively modest 
gzins are required. The parabolic (¢) reflector is usually more satisfactory 
when high guins are required. An “offset feed’ arrangement with a parabolic 
reflector !s particularly useful, since the feed is placed outside the main beam, 
and the poor side lobes and high VSWR's which can result frum aperture 
blocking ere thus avoided. The “hoghorn” structiire of Figure 29-31d Is 
unique among those shown, since it radiates a pattern which Js broad In the 
plane perpendicular to the longer xia cf the aperture and relatively narrow 
in tie other. 

All of the reflecter antennas shown possess one property which {s basic but 
usually undesirable; that {s, the directive gain of these antennas depends on 
frequency, increasing approximately as /*, 

Surface-Wave Antenncs. In airborne ECM appiications, there is a fre- 
quent requirement fo: fush-mounted antennas with relatively high gain. Such 
requiremeats can often be met with the use of structures of the type sxetched 
ia Ficure 29-32, These are so-called surface-wave antennas, whose xaln re- 
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Fiovar 29-42 Surface-wave antennas, {a) TE antenna; (6) and (c) TM antennas. 


aults from tha guiding of the radiated wave by the structure. The patterns 
are endfire, and the gain is approximately given by 
71 
G's - (29-10) 
*Developed wt Melpar, Inc. 
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where / is the length of the array in the same units used for A. The TE an- 
tenna sketched in Figure 29-324 produces a beam polarized parallel to the 
sutface in which it fs mounted, with the besm maximum tilted away from 
the surface by an amount inversely proportional tn the antenna gain. The 
TM satennas of Figure 32d and c are polarized perpendicular to the mount- 
ing plane, with the beam maximum In that plane. 

Antennas for Direction Finaing. The principles of direction finding 
(D/F) for ECM are described in Chapter 10. A variety of antennas can be 
used es collectors. In D/F sysiems which utilize amplitude or phase com- 
parison of the outputs of two or more fixed collectors, almost any of the an- 
tennas described previously can be used. Onc antenna which has been very 
successiully used for this purpose has not been described, This fs the Lune- 
berg lena with multinie feeds.* The basic configuration {2 sketched in Figure 
29-33. The lens itseif is In the form of a sphere of natural or artifictal dielec- 
tric materiai. so arranged tha! the index of refraction varies with radius ac- 
cording to 


Oe a (- (29-11) 


where R is the outer radius of the lens. With such a lens, a feed placed at 
any point on its equator gives rise to 2 pencil beam emerging diametrically 
opposite, 

Variable Index media can be constructed In many ways. Among those used 
have been: low-dielectric-constant base materials loaded with h'gh-dielectric- 
constant beads, high-dielectric-constant base materials loaded with holes, 
“path length” arrangements using parallel plates with variable spacing, and 
variable-density dielectric foams. One possible feed arrangement fs sketched 
in Figure 29-33¢. Here 15 Independent linearly polarized feeds are spaced 
equally around the equator of the lens, with the axis of polarization skewed 
so that opposing feeda are crosa polarized, This arrangement permits inde- 
pendent samoling of the 1£ beams without serious interaction. Another ar- 
rangement Is sketched in Figure 29-334. This arrangement Is intended for 
flush mounting on a plane surface. Since the lens action is two-dimensional 
in this case, the resulting beam is narrow in the plane of the lens but rela- 
tively broad fn the plane perpendicular to the lens. 

Several of the D/F schemes discuinsed In Chapter 10 employ rotating direc- 
tional antennas. A number of difficulties arise in the design of practical col- 
lectors. There {s, of course, the basic problem of achieving the useful gain 


°Rarly work on thia type of 2/F collector was done at the Alroorne Jnatruments Labo- 
ratory. 
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Fiovagz 29-33 Luneberg lens. Two feed arrangements are shown, 


and bandwidth In a limited volume. There is the problem of designing wide- 
band rotary joints. There ie the major problem of distortion of the directional 
pattern resulting from “site effects,” which is discussed briefly in Section 29-6, 

Two types of rotary collectors have been used. In the first, the entire an- 
tenna system retates (Figure 29-34a). In the other, sketched In Figure 29- 
346, a circularly polarized directional antenna is fixed in such a position that 





Frcunrn 29-44 Two types of rotary collectors, 


its pencil beam is pointed toward the zenith, and an inclined plane (nome- 
times shaped) mirror is arranged to iotate about the axis of the tlxed an- 
tenna in such a fashion that the beam is caused to aweep th azimuth. The 
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obvious advantage of such an arrangement Is the elimination of & rotary 
joint. The principa! disadvantages are two: the polarization of the beam fs 
vasentially restricted to circular by the ontics of the ar.angement, and the 
gain (collecting area) of the mirror arrangement iz inherently lower than 
would be the case for a conventional collector with the same aperture arca. 

Collectors in which the entire antennc rotates take several forms. Figures 
29-344 and 29-35 show two examples in which feed/reflector combinations 





f 
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Fiovas 29-38 Five-band circularly polarized collector. 


are used. The antenna of Figure 34a, a part of the APA-69, {s useful over 
barwidths of up to 5:1, but at beat its electrical pe:formance has been com: 
promised In oracr to achieve & minimum size. Figure 29-35 shows a different 
approach, in which antennas for the five standard ECM bands from 550 to 
(9,750 Mc are combined 'n a single assembly, capable of roteth.o at high 
speeds.” A novel rotary joint providing for the five hands independently is 
incorporated in the design. Here the individual bends are covered by simple 
circularly polarized antennas. The performance obtained represents a com- 
promise with the ubjective of minimum size. 


29.6 Antenna Siting Problema 

It is impossitie to leave @ discussion of ECM antennas without some con- 
sideration of the effects of siting on antenna performance. “Siting” effects 
cover a broad range of phenomeng, all of which have to do with the diator- 
tlon of the wavefront due to the presence of other bodies In the vicinity of 


*The ALA-12 collector, developed at Dorne & ivtargolla, inc, 


we 
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the antenna. Included are reflections, refraction, difractlon, shadowing, and 
mutual coupling. (This list {s not all-inclusive, and the categories mentioned 
are not free from overlapping.) 

To deal with reflections fizst: it is obvious that any large metallic body 
will reflect radio waves; and this is equally true, but not equally obvious, 
for eny large body whose Intrinsic parameters differ from those of free space. 
(tn the cese of dielectric surfaces both reflected and transmitted components 
occur. The VSWR for reflected waves is equal to the square rcot of the ratio 
of the dielectric constants on the two sides of the interface.) The most com- 
mon instance of reflection effects is the change in the free-space parameters 
of an antenna when it Is located near the ground. These effects are well 
known. When the antenna is clevated above a plane earth, the reflected flelds 
combine with the direct rays to create a iobe structure In the radiation pat- 





Fiovnr 29-57 Searing error vs. true bear- 
ing, A@A-17 D/F collector, 








td) 
Fictrr 24-56 Kadlatlon patterna of a 


vertical atu UHF antenna Jocated on the | Fiownrn 29-34 Diffraction pattern of dl- 
under fusciage of a He30 utrcrait. pole prrallel to edge of Mat plate, 
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terns, The higher the antenna (in wavelengths) the greater the number of 
lobes produced. and the higher the gain at the maximum of the lobe nearest 
the horizon.* 

In operational installations of ECM antennas, the effects of reflections can 
be very severe. Two examples which Indicate the ssverity of the problem are 
shown in Figures 29-36 and 29-37. Figure 29-36 shows the radiation pattern, 
in the three principal planes, of a A/4 stub operated at 1000 Mc, the antenna 
belng mounted on the bottom centerline of a B-S6 aircraft. The deep lobing 
resulting from refiections, principally from the engine nacelles, {s obvious. 
Figure 29-37 shows the measured bezr!ng error of an APA-17 D//* collector 
located on the bottom centerline of a RB-66 at a trequency of 450 Mc for 
vertical polarization. The very large bearing errors encountered cre due to 
the distortion of the nhase front cf the incoming wave by reflections from 
various portions of the alrcraft, principally the swept-back wings and the 
engine nacelles. 

Refraction effects are usually associated with such metecrological pheno- 
mena as ducting and tropospheric scattering, and as such are discussed in 
Chapter 3!. 

Diffraction phenomena are encountered in every instance in which redia- 
tlon extending into the region of the “shadow of an obstacle is observed. 
Figure 29-38 shows the diffraction effects of the edge of a thin metal plate, 
A/4 wide, level with and spaced A/!10 from ea dipole (Figure 29-385). All of 
the radiation appearing !n the first quadrant of the polar plot (Figure 29- 
38a), as well as the aistortion of the pattern evident in the sector oppoaslie 
the diffracting edye, is cue to diffraction. Generally, such diffraction flelds are 
characterized by large phase rotations with small changes In angle. Diffraction 
also accounts for the back lobes In reflector type antennas. 

Mutuel coupling Is a troublesome problem in many antenne Installations, 
particularly where guy wires, feed cables, masts, and other structures of sub- 
stantial length and relatively small dlameter are located in the vicinlty of 
the antenna. The mutual coupling which exists gives rise to parasitic radia- 
tien which combines with the direct fleld in such a way as to produce lobes 
and nulls or other pattern distortions. One example, special in nature but 





*The Increase in gain near the horizon gives else tu the practice of mounting antennas at 
the highest possible elevation, ac on the masthead of a ship. This muat be practiced 
with care, for at least two reasons. In the frat place, at UNF frequenctes the numerous 
nulls produced at clevation angles near the horizon may seriously degrade the aystem 
cifectiveness, Second, in’ most Inetallatlona, clevating the antenna Increases the cable 
loan, wince the location of the ansoclated equipment is usualiy fixed. Where the usual 
propagation factor apply and the cyatem paraincters ave otherwise fixed, the optimum 
height fa that at which the cable fossa lad neper, or 8.68 decibels. Above that height the 
algnal loan due to cable attenuation increases faster taan the gam due to increased height, 
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Ficusn 29-59 Helleopter rotor modulation of vertical monopole pattern. 


Nustrating c problem common to many Installations, ls shown in Figure 
29-39, This figure shows the distortion of the 30 Mec horlzontal-plane racdila- 
tlon pattern of » 7-foot vertical whip antenna located on the tall boom of an 
H-i9 helicopter by mutual coupling to the roter biades: This patiera waa taken 
hy rotating the blades relatively repicdly while rotating the model rather 
slowly on a coaventional antenna pattern range. ‘The distortions of the radia- 

| tlon pattern is accompanied by equally gross varlailons in the input VSWR 
of the antenna. 
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Supplementary Circuits and Techniques 


L. W. EVANS 


30.1 Introduction 

In this ch-ster an associated group of techniques is described which, 
when properly applied, will enhance the operation of countermeasure equlp- 
ment and systems, The main subheadings of the chapter are Receiver Cir- 
cults, Analyzer Circuits, Transmitter Circults, and Recording Techniques. 


80.2 Receiver Circuits 


80.2.) Strony Signal Elimination 

In countermeasure or electronic Intelligence (ELINT) search procedures 
the signals of maximum Interest are often very weak, demanding a system 
sensitivity which often pushes the state-of-the-art. In Instances of thia kind 
very strong signals emanating from nearby sources may mask the weaker 
signals of great Interest. It is possible to eliminate strong alynals by gating 
thetn out on ar amplitude basis, 
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Fiovax 30-1 Bloc diagram of a strong algnal climination unit 
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The block diagram of Figure 30-1 Ilustrates a strong signal elimination 
unit. The design of the unit fs straightforward. The unit arranges for strong 
signals to gate themsaives out of the receiver video. The gating’ can be done 
before cr after detection. 

It should bs noted that gating on the basis of amplitude will not eliminate 
the side effects of harmonic mixing. A signal of sufficient strength may cause 
the harmonics of the difference frequency from the mixer to be amplified 
In the {-f amplifier and appear as e weaker signal in the ou'r = .f the re- 
celver at an erroneous frequency. The elimination of these sigs. discussed 
in Sectlon 36.2.2. 


40.2.2 Relection ef Superheterodyne Receiver Reaponces Due to 
Mixer Harmonica 

When very strong recelver Input algnals mix with the local oacillatur (10) 
signal jn the nonlinear mixing element, harmonics of the difference frequency 
are generated along with the difference frequency. For example, a strong 
signal whose difference frequency Is one-third the Intermediate frequency will 
produce the third hermonic of tne difference frequency at the intermediate 
frequency. This third harmonic will be amplified and appear at the receiver 
output as a weaker algnal at the frequency to which the recelver is tuned. 
The undesireble effects of difference frequency harmonic generation ure the 
reception of undesired slynals, erroneous frequency information and possible 
interference with aignals of interest. 

The reception of the spurious signal which is the result of the difference 
frequency harmonic gereraiion cannot be eliminated by the strong signal 
elimination technique described in the preceding section. This spurious re- 
ception occurs at different [frequency settings. For example, if the intermediate 
frequency fs 30 me and a strong signal exists at 10CO mec, a strong receiver 
output will appear when the LO frequency Is 1020 mc. But because of har- 
monic generation in the mixer, « signal may also appear when the LQ fre- 
quency is 1018 me, 1010 me, etc. These spurious signals will vary widely 
in amplitude and can be gated out only after they have been recognized a+ 
spurious slgnals. ‘She spurious response is recogniaed by the presence of a 
atrong difference frequency which is a submultipte of 30 tne. 

The block diagram of a harmonic rejection unit ix shown in Figure 30-2, 
The mixer output is split inte two channels, On the basis of a 30 me inter- 
mediate frequency and an 10 me bandwidth, the towest order harmonic 
which would produce an output between 25 and 35 me would be less than 
17.5 mc. The next would be about 8 to 12 mc, etc, With the extension down 
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Fiovar: $0-2 Block diagram of a rejection unit which will vieveni spurious receiver 
responses due to mixer harmonics 
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to 4 mc It is likely that if there are any higher harmonics wkich will qualify, 
such as the 30th harmonic of a i-me difference frequency, there will also be 
harmonice of frequencies greater than 4 mc which can be detected In the re- 
Jection chinnel passhand. 

The delay in the straight through channel allows for the rise time In the 
gate that 's generated in the rejectiun channel. Any signal appearing at the 
output of the mixer In the frequency range of 4 to 18 mc above s set thresh- 
cld level causes gates to be generated which wil! prevent signals from ap- 
pearing at the receiver output due te difference frequency harmonics. ‘The 
threshold levei Is best set by experiment. 


30.2.3 Locel Oscillator Power Stabilize: 

When voltage tuned local oscillatora are used with scanning superhetero- 
dyne Intercept receivers, widely varying LO power Is often the result. The 
most undesirable effect of the variable LO power is that the receiver nalse 
figure is seidom oniimum. It is possible to plece a variadle attenuator in the 
LO pore tine and regulate the LO power for optimum noulse figure by 
mainiaining a constant mixer crystal current. 

It should also be noted that the LO drive affects the conver-ion loss and 
thus changes the over-all receiver gain. The output impedance of the mixer 
varies inversely with the LO drive, and affects the bandpass shape of tran- 
nitlonally coupled [-f input circults, which are often used where a broad |-f 
bandwidth is desired. 

The attenuator pictured in Figure 30-3 is used to stabilize the LO power 
of a Carcinotron used In an Intercept receiver. The attenuator consists of a 
short coaxial line. In the dielectric region of the line is a plece of ferrite. This 
fezvite normally Introduces 12 db atresuation at microwave frequencies. 
However, when a strong transverse magnetic field is applied, the attenuation 
will drop to as low as 3 db. ‘The attenuation is controlled by the current in 
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Fiovax 30-3 Variable attenuator for LO power stabilizer 


the magnetizing coll. The attenuation can be varied uver a 9 db range to 
maintain constant crystal current. The crystal current regulator is thus a 
Clored loop servo. The servo speed is Ilmited by the inductance of the mag- 
netizing colls and the driving power of the current source. These characteris- 
tics are diciated by the scanning speed of the Intercept recelver. 

LO power stabilization can a'so be obtained by controlling the accelerating, 
or in some cases the grid, of backward-wave oscillators. Controlling these 
electrodes results {.: f:cquency pulling of about | percent. 


30.2.4 An Imago Suppression Receiver for Pulsed Signals 

Superheterodyne receivers in which the mixer is continually accessible to 
ell signals in the r-f band are subject to frsquency ambiguity of the recelved 
signal. In such Intercept receivers the unsuppressed image duubles the signal 
environment for the associated analysis and recording equijment. Standard 
subcarrier bands ure listed in Table 30-1. 

An image suppressing receiver is described capable of more than 60 db 
image relection. The technique employed is & combination of outphasing and 
gating techniques. About 15 db image rejection is obtained by outphasing. 
This 15 db represents sufficient difference In cignsl levels so that gates may 
be generated to gate out strong Imag s'ynals, 

The block diagrain of the image suppression receiver is shown In Figuse 
30-4, The r-f Input is fed in phase through a power splitter and two direc- 
tlonal couplers to two mixers. The LO power is fed 90 degrees out of phase 
to the two mixers. Tne i-f voltage output of channel | lags channel 2 ontput 


la abate 


SUPPLEMENTARY CIRCUITS AND TECHNIQUES 
TABLE 30-1. Standard Subcarrler Bands 


Chanmel Center Frege, Lower Limit Uppur Limit Deviaiion 


(eps) (cps) eps) (%) 

1 400 370 439 +78 

* 2 $60 $48 602 + 7,8 
* 3 730 678 785 £73 
a | 900 888 1032 +7.8 
* 5 1300 1202 1398 £7,$ 
¢ 6 1700 1572 1828 t: 7.5 
.* Ff 2309 2127 2473 +7.§ 
* 48 3000 2775 3225 $7.5 
° 9 3900 360? 4193 £75 
* 10 3400 4995 $80 +45 
out 7350 4799 7901 £78 
* 12 10,500 9712 $1,288 “75 
e443 14,400 13,412 18,$88 +95 
* 14 22,000 26,550 23,650 7.5 
e135 30,000 27.789 32,250 +75 
16 40,000 37,090 43,000 7.8 
1? $2,5G0 48,360 $6,440 £7.5 
18 70,000 64,750 78,250 £75 


Optivnal Bands: A. This Land may be employed by umliting the 20 ke band. 
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Freq. Response 


(cps) 
é 
” 
i! 
14 
20 
25 
33 
48 
60 
80 
110 
166 
220 
330 
450 
600 
790 
1,050 


B. This band may be employed by omitting the 22 and 40 ke dancis, 
C. This band way be employed by om!tting the $0 and 52.5 ke hands. 
DD. This band may be employed by omitting the 40 and 70 ke bands 


K.. This band may be employed by omitting thy $2.5 ke band. 


A 422,000 18,709 25,200 1S 

B 30,00 7$,$00 34,500 rig 

Cc 40,000 34,000 46,000 1s 

D $2,500 44,620 60,380 ete 

FE 70,006 59,800 80,800 + 4$ 
° Preferred. 
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Ficunn 30-4 Block diagram of Image suppressing receiver 
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by 90 degrees when the LO frequency Is Aigher than the signal frequency. 
Channel ! output leads channel 2 output by 90 degrees when the LO fre- 
quency Is lower than the signal frequency. Ir the I-f circuitry of channel 2 
the phase of the voltage is retarded relative to channel 1! voltage by 90 de- 
grees. The voltages In the two channels are then edded. The voltages rein- 
force when the LO frequency Js higher than the signal frequency and cancel 
when the LO frequency {s lower than the signal frequency. This fs the basic 
outphasing method of Image rejection. Because of practical imitationa in 
producing the phase shifts and maintaining equal signa! ampiitudes at the 
adder inputs, the image will aot completely cancel. The amount of rejection 
by the outphasing technique varies with errors In the phase shift circuits and 
amplitude balance. For example, if the inputs to the adder are matched 
within 1 db and the phase shifters are all within 10 degrees of 90 degress, 
the Image rejection will be of the order of 20 db, This amount of rejection 
alone is Insufficient for practical applications, 

To Increase the rejection of the Image tc 60 db the gating circuits of 
Figure 30-4 are added. At the Inout to the adder for the signa!, two voltages 
neirly in phase are applied, and In the case of the image, two voltages neariy 
out of phase. The phase detector In the gating part of the recelver will pro- 





Ficuar 30-8 Model of Image suppression recelver 
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vide opposite polarity video outputs in the cases of signal and image. This 
output is arapiified and used to gate off an |-f ampl.. er when gen !mage pulse 
Is present. The video gate !s not required unt!! the ge {s wtrong enough to 
overcome the basic rejection by outphasing, Hence, the signal-to-noise ratio 
at the phase detector Is sufScient for the generation of g nulse-free gate. 

A model of an image receiver Is shown in Figure 30-5. 





30.2.5 Interference Reduction by Side Lobe Suppression 

Interference arriving through antenna alde lobes may seriously degrade 
the perforinance cf detection equipment. A device dasigned to eliminate 
pulsed side lobe interference is Mustrated In Figure 30-6. 

The technique consists of adding to the normal intercept receiver an iden- 
tlca: receiver called the Interference recelver which Is fed from the saime 
local ose!ilater. ‘Tha gain of the interference receiver is adjusted to be as 
closes as possible to that of the normal receiver. The interference receiver is 
fed by an antenna whose gain characteristic ia omnidirectional In the azimuth 
plane and closely anproximates the search antenna In the vertical plane. The 
relationshi;) of the two azimuthal channel gain functions Is shown in Figure 
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Fiovan 50.4 Wloca alagran of side}. . sterferenc: suppression system 


30-6, The antenna vuin of the Interference channel is adjusted to be larger 
than that of any xlde lobe of the normal channel but smaller than the main 
love. 

In the blanking gate generator, the outputs of both receivers are com- 
pared in amplitude. Should the slgnal In the suxillary channel be ‘arger than 
the slynal iis the Intercept channel, a blanking gate is generated which pre- 
vents the signal from appearing it the output of the normal channel. This 
corresponds to the case of a side iobe signal since a side lobe signal will be 
larger at the Interference receiver ousput than at the normal receiver output, 
If the signal in the normal channel [is larger, this Indicates the presence of 
a main lobe signal. 

The delay is introduced to compensate for the inherent delay of the blank- 
ing vate, Phe clreuit suffers a loss in sensitivity due to the blanking periods. 
This loss increases with the side lobe interference. 
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Fiovar 30-7 Block dlagram of visual storage aleplay unit 


36.2.6 Panoramic and Vidoo Display of the Visual Storage Type 

A panoramic display utilizing a visual storage tube permits the use of 
very low receiver frequency scan speeds. In addition, en Intercept history Is 
presented for evaluation or recording. 

To make optimum use of the storage capabilities cf the visual storage tube, 
the electron beam Is intensity modulated by the recelved video and a vertical 
raster is eroployed which increases the vertical deflection in steps at the end 
of each frequency scen. indefinite storage can be obtained by the use of the 
Hughes Memotron storage tube. Shorter storage times from 30 seconds to a 
few minutes can be obtained with the use of gray acale Tenetron type tubes. 

On the pan display an intercepted signal takes the form of a vertica: line. 
intermittent signals and frequency shifts are easily detected. Noise pulses 
appear as scattered random spots on the face of the display. Weak signals in 
a nolse environment can be readily detected because of the integrating prop- 
erties of the display. 

Figure 30-7 shows a block dia; sam of a typical panoramic display using a 
visual storage tube and Figure 30-8 shows a photograph of such a display. 
The Incoming video is applied to the grid of a dual control pentade which 
aniplifies weak signals, limits strong signals, and provides a mesna of video 
tlanking during fivback af the recelver sweep. 

Hecause of the low sweep speeds enccuntered, the receiver {requency sweep 
voltage is d-c coupled to the horizontal deflection plates of the storage tube. 
If the receiver stcpz, the location of the spot on the storage tube retains its 
correct frequency relationship to the receiver sweep. For mechanically tuned 
receive;s a triangular voltage can be gencrated by mechanically driving a 
poteatiumeter. Triggers for the raster generator can be generated by limit 
switches. 

Figure 30-94 shows an example of the panoramic display. The rarter steps 
up rapidly at the bottom of the display and slowly at the top. A strong 
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Fiovaz 30-8 Visual storage dleplay unit 


signal and image intercept is shown In the center of the display with a shift 
in frequency near the top. The other spotted areas are noise bursts. The dis- 
play examples of Figure 30-9 are negatives of actual photographs. 

The visual storage tube can also be used to display a history of Jow fre- 
quency “ideo data. The writing speeds are such that this type of display Is 
inadequate for wideband data. 

If an internal aweep generator Is used which Is triggered by the incoming 
video pulses, prf data will be displayed on the storage tube. Using the raster 
scan, miasing pulses or time synchronized signals are readily detected. Figure 
30-9b shows a display where the horizontal deflection sweep Is iriggered by 
the Input video. The vertical raster is stepped up so that missing pulses In 
the input video are readily detected, 

The visual display can ch... be used to musmtor the operation of the range 
unit described in Section 30.3.11. In this case the display sweep generator is 
trignered by a pretrigger from the Jammer. Synchronized replies will store 
asa line and are readily detected. Unsynchrorized replies are stored as back- 
ground random spots. This mode of operation is illustrated in Figure 30-9c. 

The circult that provides the vertical steps synchronized to the receiver 
sweep is shuwn in Figure 30-10. This circuit provides ‘he following desire. 
features: 


1. Fach step is sencht: .zec to the receiver sweep and is Independent of the 
receiver sweep speed. 
2. The vertical step occurs caly en flyback and is a true step function. 
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Fiovarz 30-10 Raster generator 


5. The magnitude of each step is controllable over a wide range and may be 
adjusted at any time by the operator. 

4. The vertical excursion of the beam may be stopped at the top and held 
until the uperator desires to reset it to the bottom or it may be made to 
recycle automatically, Erasure of the atured information may or may not 
be accomplished with recycling. 


The circuit la basically a free running phartasiron which is prevented 
from free running by means of R&, R9, CRI and CR2. Point A of Figure 
30-10 Is held at a negative potential by the divider corsisting of R8 and R9; 
this places a back ulas on CR2 and the charge on C$ Is trapped causing the 
phantastron to atcn at sny polnt in {ts cycle (excapt on flyback) the Instant 
the negative voltage is applied. 

As used in the panoramic display the negative veliage Is applied at all 
times and the phaniastron ia gated to Its free running state by the appljca- 
ticn of a positive pulse at point B of Figure 30-10. This positive pulse plates 
a reverse blas on CR1 and removes the reverse bias from CR2 and the phan- 
tasicon is permitted to free run for the duration of the pulse. The actual 
voltage change at the outpui of the circult Is determined by the width of the 
gating pulse and by the time constant of C5, R6, and R7. If the Input pulse 
is held at a constant width, then the magnitude of the step is determined by 
R6 and may be changed at any tine. 

The positive pulse for gating the phantastron is generated by a monostable 
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fiip-fiop which in turn is triggered by the flyback of the recelver sweep. By 
making R2 and R7 preset adjustments the minimum and maximum aumber 
of “Hines” In the vertical direction can be set. 

ince the actual stepping in the vertical direction is determined by the 
positive pulsewidth, it ‘« possible to use the negative pulse present at the 
other plate cf the monostabie filp-flor te gate off any incoming video during 
the aciual stepping action. 

By the addition of diode CR3 (and closing S1) the phantastron can be 
prevented from recycling even though the positive input gating pulse con- 
tinues to be applied. At some polnt on the cathode return resistor of V4 
there !s a potential that equals the grid voltage of V3 just rior to fiyback 
of the phantastron. Prior to this time the grid voltage of V3 is rising and the 
cathode voltage of V4 Is falling and CR3 has a reverse bias applied tc it. At 
the inctant that the voltages on the cathode and anode of CR3 become equal 
the action of the phantastron Is stopped. The point of its cycle at which these 
voltages become equal is determined by the setting of R18 and this “catch” 
control can be set so that the action is stopped at the top of its cycle by 
closire S! and adjusting R18. With S! open the vertical deflection of the 
beam is ic an “automatic” recycle condition. With S!I closed the mode Is 
ternied “marua!" recycle The manual recycling ts accompiiahed by the 
appiication of a negstive pulse to the suppressor of V3. Switch S2 serves 
this purpose; it is a momentary contact type which discharges the negatively 
cha-yed condenser C4 through R20. 

The flyback of the phantastron is in a direction opposite to the individual 
steps and can be used to automarcslly erase the visual storags tube. By 
means of a switch this function can be made automatic or manual, 

This flyback voltage can be used to actuate a framing camera such an the 
KD2 and an output of the camera used to erase the information stored on 
the storage tube. In this way a complete record of all intercepts can be 
maintained. This mode of operation is ciscussed In Getai!l {n Section 30.5.1, 


30.2.7 Frecuency Transfer 

It is often necersary to transfer frequency from the local oscillator of an 
intercept receiver to the local oscillator of a passive track receiver. This may 
be accemplished using many ditfecent techniques. The particular method 
deacribed here allows for storage of the LO frequency In a resonant cavity 
thus providing optimum use of the Intercept ecuipment. 

The frequency transfer systern Is described with the ald of the block 
diagram of Figure 30-171. A small emcunt of ¢-f energy from the Intercept 
receiver local oscilletor 's coupled into a resonant cavity. The cavity is tuned 
to the LO frequency by a moter driven slug. The tuning of the cavity Is ac- 
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Fiovrg 30-11 Block diagram of a frequency transler system 


comptished In two steps. 1) In slew, the cavity is considered to be tuned off. 
Power is applied to the motor to bring the cz:vity near the proper frequency. 
At the point where crystal current appears, sufficient gain In the stew chaznel 
will operate the relav which connects one winding of the motor to @ servo 
amplifier. 2) In the servo position the tuning of the cavity is nulled by the 
servo. The cavity is made to serve as a microwave discriminator by mecoan- 
ic.dly deflecting one side of the cavity at an nudilo frequency. This generates 
ai error signal for the servo. 

Orce the cavity is nuiled with the Intercept LO frequency, the cavity 
motor Is turned off and the frequency stored. The frequency can be trans- 
ferred to any other LO at any time. To accomplish this transfer another 
servo similar to the one described here is required to null the LO of the pas- 
sive track receiver. 

The frequency transfer syztem described here has been greatly simplified. 
The particular application will require specific compensating networks to 
stabilize the servo. Using Carcinotron Ioca) oscillators in S-band it is pos- 
alble to transfer frequencies with a precision of 0.8 mc and better. The 
transfer time can be made as small as 100 milliseconds. 

Another frequency transfer system ‘s suggested vy Sfelchor and Vartanian, 
(Proc, IRE, February 1956). In this wyatem the cavity deacribed above is re- 
placed by a coax Une filled with the paramagnetic substance, hydraxyl. A mag- 
net is placed around the coax line and provided with two windings. A d-c current 
through one winding determines the frequency of the sharp resonance line 
uf hydrazyl. The a-c winding provides a means of modulating the r-f fre- 
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quency. A means ci siewing and nulling the d-c current can be provided ina 
manner similar to that derionsirated above. 


39.2.8 Voltage-Frequency Linearization cf Backward Wave Oszil- 
latore 

Applications cf 2, microwave receiver using a backward wave oscillator as a 

voltage tuned local oscillator are complicated by the nenlinezr relationship 

between the collector voltage and LO frequency. A typice! tuning curve Is 

ustrated in Figure 30-12, It Js 

usually desirable to have the LO 

— scan jn frequency ‘nearly with 

we time. This cen be accomplished py 

‘ distorting a linear sweep voltage 

aN vefore It is applied to the collector. 

199 \ The distorting network {is called a 


$t 3a & *% 


Pesci os wees ee 


lineariser. 

A linearizer can be constructed 
> a hie eee od using the cn-off characteristics of 
diodes. as nonlinear circuit ele- 
ments. In this way a desired func- 
tlon is replaced by a number of 
straight line segments. Such a circuit functicns as a variable atten- 
vator with the diodes switching in or out arbitrary amounts of attenuation. 
Tne voltage leve! at which a particular diode switches Is fixed by connecting 
the diode to an appropriate blas voltage. A linearizer circuit is (lustrated in 
Figure 30-134. Its input and output characteristics are shown in Figure 
30-13. 

A complete BWO frequency sweep circuit using a linearizer is shown in 
Figure 30-14. A low level linear sweep voltage is applied to this circult. The 
input voltage is distorted, shifted in level, and used as a reference voltage 
in a high voltage power supply regulator to obtain the voltege level required 
by the BWO collector. 
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Finvax 30-12) Typtical tuning curve for a 
backward wave uscillator 


30.3 Analyzer Circulte 


30.3.1 The Automatle Threshold Clreult 

The automatic threshold clreult by useful In regenerating the pulse output 
of intercept recelvers. Tt wit! provide almost noise-free video from the re- 
ceiver to analysts or recording equipinent over wide ranges of receiver gain 
and noise level. 

The automatic threshold circuit establishes a clipping level Jus: above the 
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nolee and! regenerates @ 0.2 volt slice uf the receiver vids at this level. The 
level is automatically adjusted by tie nolse level. This is accomplished by 
amplifying nnd detecting the nolse. 

The blo-s diagram of the automatic threshold circult Is Mlustrated in 
Figure 30-18. The noise ampiifier has a low frequency cut-off such that it has 
negligible reaponse to the video. The dlode slicer clips the recelver video just 
above the nolse level. The 0.2 volt slice is taken to prevent overdriving the 
video amplifier which follows. A threshold circult Is shown In Figure 30-16. 

The threshold clreult provides video for recording and analysis in a manner 
insensitive to recelver gain actting of noise level. The signal level required 
for the regeneration of the receiver video is nominally 8 db above that signal 
level which yields aS 1 NtoN retlo of 2:1. 


30.3.2 Pulee Extractor 
Pulse extractors are useful in extracting unwanted pulse trains from the 
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Froovan 30-15 Block diagram of 
automatic threshold circult 


ratercept recelver output. Tha prf of the unwanted signal must be manually 
set Into tae unit. Or, it may be made to acan in prf, lock on the first Inter- 
cepted prf, and extract the pulse train to which it is synchronized. 

The pulse extractor can also be used as a signal selection unit and generate 
a signal to stop the [requency scan of a receiver when it has intercepted a 
signal with the preset prf. In this mode of operation the extractor has a 
harmonic susceptibility and snmould be used only at high repetition rates 
when the probability of a harmonic stop ls remote. 

The synchronizing circult in the pulse extractor is a triggered delay circult 
of instant recovery. The delay will synchronize with a pulse train whose 
period {a slightly greater than the delay the firat time it Is triggered by a 
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Frmvar 30-16 Schematic of automatic threshold circuit 


pulse in that train. The delay will not lose sync as long as the pulse train 
is present unless another train appears which better qualifies in prf. In this 
case the synchronixing circuit will switch pulse trains. 

The delay circult of Instant recovery is made up of two delays in cascade 
with an Inhibitor which prevents the firat from be'ng triggered t:sfore the 
delay of ihe second ls complete. The two delays provide time for recovery 
of each individual delay circuit. The delay circult is liustrated in Figure 40-17. 
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Frwovas 30-1? Delay cirewlt of fast 
recovery 


The block diagram of the complete pulse extractor is shown In Figure 30- 
18. The Gate, S, at the output of the rapid recovery delay circuit is used to 
determine when the instan’ recovery delay is synchronized with a pulse train. 
If this gaic is Alled with video pulses several times in succession, it can be 
concluded that the extractor is synchronised with a pulee train and this same 
gata may be used to extract pulses from the input video. This gate determines 
the resolution of the unit as weil as the amount of video extracted. The gate =. 
may have any width desirable. However, a gate of $ to 10 per-ent--? vie 
delay is nominal. a ee 
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Fioune 30-18 Pulse extractor biock diagram 


The “And 2” circult !s used tu determine when Gate G is filled with video 
pulses, The output of the “And 2” circuit triggers = multivibrator which 
gates a step counter. A predetermined count of 4 or 5 will operate the Schmidt 
trigger and at this point pulse extraction begins. The step counter is dusnpea 
wher the Gate, G, is vold of pulses twice In successiuin, ints ls accomplished 
by the narta of the circult resresented by Iy, Ds, By, and “And 3.” The 
reader '« 'ef; with the simple task of determining the operation of this part 
uf the logic. 


80.3.3 Signal Selection Circults 

Signal selection circuits are 1224 i:, Ueiecting the presence of signals known 
to he thrzais on the basis of signal parameters. When the presence of a 
signal threat is detected, an alarm Is generated and a jammer can be brought 
into action. The threats may be identified on the basis of any combination of 
pulzewildth, prf, and the number of pulses In the pulse code groups. The 
signal sslectors can be connected In cascade to set up the proper combination 
of parameters. In the cascade connection it is logical that the order of pulse- 
width, prf, pulse code be maintained because a pulsewidth discriminator is 
least susceptible to interference and a pulse code presence detector js the 
most susceptible tc Interference. 


30.3.4 Pulsewldth Diserinain ston 


The pulses ‘cin an intercept receiver can be exam! 4 on an Individual 
vasis. Thus the pulse width discriminator has no sly. icant Interference 
problem, However, to obtain rectangular pulses from an Intercept recelver, 
the recelver must be wide band. This menns a sacrifice of sensitivity and an 
invitation for Interference which may cause difficulty for other equipments. 
Therefore, it Is profitable to compromise and permit a limited degradation of 
pulse shape for greater frequency selectivity and recelver sensitivity, 
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The pulse width discriminator will be of less value now and it is dangerous 
to make the channel widths too narrow or have too little overlap. The block 
diagram of a single channel of a channelized pulse width discriminator {s 

shown In Figure 30-19, The input 
pulses are diffevcitiated. The lead- 

ing edge is delayed an amount 
equal to the minimum width of 

om pulse which wili qualify, The ce- 
layed trigger generates a gate 
ren ee ae pulse width ooual to the acceptance range of 
: the channel. If the trailing edge of 

m the Input pulse falis within this gate, the channel will provide a short pulse 
output. This pulse can be used to operate a pif Alter or a pulse code aelec- 

tion unit. The inhibitor and Gate 2 are used to prohibit the qualification of 


a pulse code group as a long pulse. 





ov.3.5 PRF Selector 

The prf selector recognizes the presence of a pulsed signal with a preset 
prf in the output of an intercept receiver. The selector described here will 
perform its function when Interfering pulse trains ace present. The prf 
selector is a filter which responds to the fundamental frequency component 
of a pulse train. Special techniques are required to eliminate subharmonic 
ambiguities because pulse trains are rich in harmonic content. The mathema- 
tical analysis below shows that the harmonic ambiguitles can be eliminated 
on un amplitude basis providing the Input video pulses are standardized. 


The operation of the prf filter is described with the ald of the block die. 


gram, 
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ties ee bend Linnoed Ln frequency components whose am- 
eae Fiovae 30-20 Bleck diagram of plitudes are given by* 
pri filter 
— 26, -5[ Sinn KIS. 
An 2B. | Kj§ 
where Fy = the pulse amplitude 
S = the pulsewidth 
e- — the puise period 
{, =~ repetition frequency 
K = order of the harmonic 


*Drincinies af Radar 2nd Ed, Staff MIT Radar Schou! pp. 4-14. 
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The examination uf the above expression reveals thet *hs vaiue inside the 
brackets {s a sin x/x function <rd is equal to unity for the first several har- 
monies, Therelore 
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Hence, for the harmonics of greatest concern, the amplitudes of the fre- 
quency components are Inversely proportionsi to the /uméementa: pulse 
period. For example the 1000 cycle component of a 500 cycle pulse train Is 
one-half the 1000 cycle component of a 1000 cycle pulsa train. Thereleze, cne 
subharmonic ambiguities can be eliminated with an amplitude seiector. The 
pulse atandardizer of Figure 30-20 must regenerate evciy pulse in each pulse 
train and only one pulse for a pulse code evcup or echo train. This require- 
ment is Imposed by the amplitude <siection circult. The filter will normally 
be low Q. A notch filter co: a pulsed Hartely oscillator will provide a prf 
resolution of aboui 3 percent. As the bandwidth is broadened It becomes niore 
difficult iv discriminate against harmonics of low prf signals, It is difficult 
se design the prf filter so that it can be manually tuned. It is a laborious 
tracking design problem. Complete prf analysis with miniaturized Alters can 
be accomplished with about 12 filters per octave. A simple prf filter circuit 
is shown In Figure 30-21. 


Ficuan $0.21 PREF filter 


Th _.¢ filter will operate satisfactorily when pulse trains are intermixed. 


’ ws possible to generate gates which will gate out the video pulse that has 


caused the Alter tc ring. vhus the video signal that has qualified In prf can 
be gated to a pulse code selector. The gate which gates the video car: oe 
yenerated from the tip of the slnewave generated by the filter. ‘fhe gates 
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generated In this manner are in the order of 25 percent of the period. 
Shorter gates can be generated by cascading the prf filter and extractor of 
Section 30.3.2 with the filter and pulse extractor set to the same prf. 


80.3.6 Pulse Code Presence Detector 

Interleaved pulse trains place pulses close together at intervals such that a 
simple pulse code presence detector will generate many false stops as a result 
of interference. A computer of considerable magnitude is required with a 
pulse code selector to measure and handle the data necessary for perfect 
operation of the selector unit. On the other hand, it seems that the most 
practical approach !s to depend upon frequency, pulsewidth, and prf selec- 
tlon to remove the interference and construct the simplest pulse code selector 


possible. 





Fioune 30-22 Bicck diagram of pulse code presenss aetector 

The block diagram of Figure 30-22 illustzaces a pulse code oresence de- 
tector with a limited Interference capability. With the selector set on 3 or 
above, the selector will =;duce a recelver scan stop signal after two successive 
proper counts ui pulses in the input gate cf 40 microseconds. In the “‘succes- 
sive’ counting, counts of 1 are ignored. This minimizes the effect of interfer- 
ence of a single pulse train. However, with the selector set on 2 or less, an 
interfering puise train will usually generate a false stop or prevent a legitimate 
stop depending cn circumstances. The manner in which this logic is accomp- 
lished in the pulse code presence detector illustrated in Figure 30-22 Is left to 
the reader. 


30.3.7 New Signal Qualification 

The new signal qualification unit provides an alarm for an ELINT pro- 
cedure when a new signal appears. The new signal qualification described 
here is on the basis of frequency only, although it is possible to make use of 
other parameters by extending the techniques. 

The method of detecting new signals uses two Radechon storage tubes 
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in a scan to *°an comparison system which compares the frequencies of all 
signals ip*ercepted on one acan of a receiver with the frequencies of the sig- 
nals ‘utercepted during the previous several scans as contcolled by the partial 
srasure of the storage tubes. Any signal appearing suddenly at a new ‘re- 
quency qualifies as a new signal and generates an alarm an? a new signal 
stop. 

The intercept receiver provides a hozisontal deflection voltage to the 
storage tubes proportional to frequency. One tube is in the “read” conc'tion 
and the other in a “‘weite’ state. The receiver video is standardized and used 
tn Intensity snodulate both tubes together. If an Intercepted signal is an 
‘ntZ” signal, readout is obtalned from the tube In the “read” state. This dis- 
qualifies the signal as a new signal. If no readout is produced, the circults 
recognize this as a new signal, an alarm {s generated and the receiver is 
stopped on frequency. Normally, when no new signal is found, at the end of 
each frequency scan the read and write functions are reversed for the next 
frequency scan. 

The storage tubes consist of a standard cathode ray gun with electrostatic 
deflection. The storage area consists of a barrier grid placed in contact with 
q dielectric layer; a backing plate is in contact with the back side of the 
dielectric. 

Storage is accomplished by applying a positive voltage to the backing 
electrode and turning the beam on, Readout is accomplished by returning 
the backing electrode to ground potential, positioning the beam to the desired 
point, and turning it on. 

In this system an r-f type of readout 's used. No ref Is applied to the tube 
in the write condition when a apot is stored. A 15 mc r-f voltage is apjiled to 
the vertical deflection plates of the tube in the read cuaditlon, The reading 
beam intersects the spot at a 30 me rate and the barrier grid output is ampll- 
hed by a 30 me amplifier. 

A block dlageam fe shown in Figure 30-55. The iunction is a3 follows: 

The push-pull deilection amplifiers provide horizontal deflection om the 
storage tubes. 

Flyback of the receiver is differentiated by the trigger amplifier, a bloching, 
oscillater circult. ‘The blocking oscillator is used to trigger the storaze switc’- 
ing circu, consisting of a bistable multivibrator and cathode followers te 
furnish the read-write switching and gating voltages. 

The receiver video Js passed through a threshold unit to provide noise 
free video. The threshold video is applied to a gate trigger amplifier, ‘The 
purpose af the gate is to prevent storing or reading out daring Ayback or 
when the rccelver Is In a stop condition. These two gates are mixed in in OR 
cireuit and applied to the TRIG AMP/GATE, 
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Fiouny 30-'3 Block diagram of new algnal qualification unit 


The output of th: TRIG AMP/GATE Is used to trigger a monostable mul- 
tivibrator thus s¢a.dardizing the Input video in amplitude and width. 

Readout is gaied through from the tube fu the read condition and ampli- 
fied by a 30 m: amplifier and detected. A trigger is generated from readout; 
this triggers a multivibrator producing a negative gate to Inhibit the delayed 
stucdard vidvo. 

Should n- readout exist this Inhibitor passes delayed standard video and 
is countec, in a step-charge counter, Consecutive pulses cause the counter to 
trigger t'is stop multivibrator, The purpose of the step-charge counter Is to 
prevent, random nolse pulses frown atopping the recelver and generating a 
false s/arm. 

A‘ter a stop is produced the stop blatable multivibrator is manually reset; 
at tie same time blanking is supplied to the delayed standard video as the 
recaiver leaves the passband, preventing stops from being generated on the 
ome signal, 

The 15 me oscillator and gates provide the r-f red voltage to the ap- 
pronrlate tube. 

To prevent saturation of storage a means of partial eruse is provided by 
the erase generator. This consists of an astable multivibrator and gate circults 
for applying erase to the tube in the read condition, Reading is an erase 
process, Amplitude and and prf are varlable which allows adjustment of the 
erase thne, 

The erase voltage and standard video are mixed in an OR cathode follower 
circuit; this drives the grid of the storage tubes providing the Intensity mod- 
ulution needed for storage and readout, 
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30.3.8 PRF Correlators 

In this system an r-f type of readout is used. No r-f is applied to the tube 
transmitter determine the effects of ite jamming upon a victim beacon. When 
the jamming in effective the normal response of the beacon to its legitimate 
interroguti 2 will be altered. This change in the beacon outnut cen be 
detectea Uy observing the cutput of a passive track receiver tuned to the 
beacon frequency. 

The change in the beacon reaponse will take one of two forins. 1) the 
jamming may cause the beacon to fall to respond to Its legitimate interroga- 
tlon consistently, or 2) the Jamming may cause the beacon response to con- 
tain extra pulses as It responds to the jamming transmitter. The equipments 
employed to determine when these effects are present are referred to as pri 
correlators. 

The simplest way to determine whether the jamming Is effective is to 
measure the beacon prf and detect any change In prf due to jamming. An- 
other method employs a prf filter to detect the presence of the transmitter 
prf in the beacon response. Two correlators will be described here: 1) the 
Non-Perlodicity Correlator which determines whether there are any missing 
or extra pulses in the beacon response and, 2) the Pulse Position Correlator 
which searches the beacon response for pulses in synchronism with the trans- 
mitter jamming pulses. 


30.3.9 The Non-Periodicity Correlator 

The Non-Periodicity Correlator examines the beacon response for missing 
or extra pulses. Two outputs are provided from the correlator. One output 
is generated when greater than a preset portion of the beacon pulses are 
missing. The second owtput is generated when greater than a preset percent 
of the jamming pulses elicit extra beacon responses. 

The cperation of the Non-Perlodicity Correlator is described with the ald of 
the block diagram of Figure 30-24. The basic circult Is a prf cireult of fast 
reaponse. The prf is measured by generating sawteeth between pulses. These 
sawteeth are peak detected for a measure of pulse period. The pulse period is 
integrated for a short time average and storage. The measuring and storing 
is a continuing process. 

The Individual sawteeth are compared with the short time average pulse 
period. When a pulse is missing in the beacon response the length of the 
sweep is doubled. A missing pulse is detected when a sweep Is generated 
which is greater than the average pulse period. 

When the passive track receiver is Intentionally blunked to protect the 
mixer circuits from high power transmitters, beacon pulses are inadvertently 
missed. This means that a small percentage of the beacon pulses will be 
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Fiovan 30-24 Block dlagram of Non-Perlodicity Correlator 


missed because of recelver-transmitter proximity. The up-and-down counter 
imposes the requirement that a certain percentage of the beacon responses 
must be missed before the pulse-missing channel provides an output. The 
counter counts up 7 for a missing pulse and down ! for every recelved pulse. 
An output will be generated when more than | of every 7 pulses are missing. 
The selection of the ratio of 1:7 and the threshold level is arbitrary. 

The presence of extra pulses in the beacon response !s detected by cum- 
pering the instantaneous value of the peak detected suwteeth (instantaneous 
pulse period) with the short time average pulse period. An extra pulse will 
shorten the sweep and cause an abrupt decrease in the measured pulse period. 
When a certain percentage of the transmitter pulses result in extra pulses in 
the beacon response as determined by the secund up-and-down counter, an 
output will be generated in the extra pulse channel. 


80.3.10 Pulse Position Corrclator 

The Pulse Position Correlator is used to determine when the response of 
the victim beacon contains pulses in synchronism with the transmitter 
pulses. The beacon pulses are stored in their proper time phase poaltion with 
respect to the transmitter pulses. When several beacon pulses fall In the 
same time position, with respect to the transmitter pulse, in succession or al- 
ternate succession a synchronized beacon output Is detected and an vutput 
signal generated. 

Several means are available for the storage mechanism. Time can be 
quantized and the incoming beacon pulses can be fed into a shift register, 
Another way of storing the pulse position data is to employ storage tubes 
auch ax the RCA Radechon cathode ray storage tube. The sweep is triggered 
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by the transmitter pretrigger and the tubes are Intensity modulated by the 
beacon pulses. A scan to scan comparison technique is used to determine 
when the beacon pulses have a comporient In synchronism with the trans- 
mitter pulses. A block diagram of the Pulse Position Correlator is shown In 





Ficurx $0-28 Block diagram of Pulse Position Correlator 


Figure 30-25). The synchronizing circults controls the programming of the 
read, write, and erase functions of the tubes. When storing or writing, the 
tubes In the “read” position are examined for readout. If any readout occurs 
from the tubes, an output signal is generated. Three storage tubes are used 
to facilitate the read, write, and erase function switching. Usually it is desir- 
able to erase after each time the tube has been in the read condition. How- 
ever, this requires that, to correlate, the beacon must respond to the trans- 
mitter twice In succession. This may prove to be unlikely, particularly when 
a high prf is used. Thus {t may not be desirable tu crase after “very read 
sweep. The beacon pulses can be stored longer by erasing less often, thereby 
increasing the reliabliity of the correlator. 


30.3.11 A Range Unit 

One of the variables required to determine missile trajectory is range. A 
range system ts described which will obtain range information in the presence 
of interference. The range data will be in error an amount corresuonding to 
miasile beacon response time. The range unit es ploys a scan comparison 
method with two Radechon storage tubes. 

The range unit is illustrated in the block diagram of Figure 30-26. ‘The 
transmitter prf used is assumed low enough to eliminate the possibility of a 
range ambiguity. When the transmitter is keyed for ranging, a sweep $s 
applied to each of two Radechon storage tubes The received video fy stand- 
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Fiaungr 30-26 Hinck diagram of Range Unit 


ardized and used to !ntensity modulate the iubes together. One of the storage 
tubes is In the ‘write’ state; the other is in the “read” state. When a pulse 
ia received it is stored in the proper iime position with respect to the trans- 
mitter pretrigger on the tube in the ‘write’ state. If at this point, any readout 
ls obtained from the tube In the ‘“read’’ state, it is assurned that these are 
replies from the transmitter pulses. In this regard we have essentially a 
pulse position correlator operating at a low prf. The range data Is beat ob- 
talned by starting a l-mc counter with the transmitter pretrigger and stop- 
ping the counter with the correlated output from the storage and scan com- 
parison circuits. Improved operation of the range unit can be obtained by 
eliminating the legitimate beacon responses with a pulse extractor, 

For storage and readout operation refer to the New Signa! Qualification 
Unit (Section 30.3.7). 

The operation of the range unlit Is described as follows: A trigger amplifier 
is used to start a ! mc counter and a delay phantastron, and also trigger the 
storage switching circult from “read” to “write” condition, 

The delay phantastron provides a fixed delay time to ellminate all signals 
within a minimum undesired range. This delay triggers a storage sweep cli- 
cult which furnishes sweep voltage for storage and also wu gate voltage for 
allowing video to be stored. 

The storage sweep circuit triggers an erase circuit on flyback which furn- 
ishes a second sweep for the tubes ax well as an erase veltage applied to the 
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tube In the read condition by the erase gutes, reading belng an erase process. 
The tube in the read state is erased at the end of the storage sweep. The 
storage sweep and erase sweep are mixed and a push-pull deflection amplifier 
feeds the horizontal deflection plates of the Radechons. 

The video {s applied to a trigger gate circuit which aliows a trigger to be 
passed only during the storage sweep. This triggers a monostable multi- 
vibrator, standardizing the input video. This standard video Is then applied 
to the grid of the storage tubes through an OR circult where it is mixed with 
the crase Intensity gates. 

Readout is accomplished by supplying a 15 mc r-f voltage to the tube in 
the read condition. The stored spot {a intersected at a 30 mc rate and a 30 
mc amplificr provides a readout pulse. 

The readout !s shaped and used tc stop the 1 mc counter. 

If no readout is produced, a reset {s obtained from the flyback of the 
erase sweep which also stops the counter. 

Focusing of the storage tubes is accomplished by storing !n one pulse and 
reading out continuously with the focus multivibrator. The readout wave- 
shape time is proportional to the spot clameter ard can be adjusted by the 
focus control, 


$30.3.12 Signai Simulators 

In the deve.opment, maintenance and tect of complex Intercept or active 
countermeasure systems, signal simulation Is a prime requirement. It is 
important tha! maintenance personnel have test equipment which will enable 
them to do the simple tasks such as checking receiver senaltivity and also to 
accomplish tracker and transmitter pruarsmming. An engineering field test 
by alrborne equipment should not be eq: - 1 to check out a countermeasure 
system. 

It is usually a simple task to conatr.: . a almulator tailored to the specific 
system requirements. The simulator can trigger or modulate a standard 
signal generator whose output can be coupled through directlonel couplers to 
the receiving and analysis equipment. Dry runs and syatem checkout can be 
accomplished by merely throwing a switch. Programming procedures can be 
almulated elther on a videu or ¢-f basis. It Is often desirable to build simula- 
tion equipments to check out equipment subsystems to avold Involving the 
whole countermeasure system, 

Examples of countermearure simulators ere listed below. 

1. Scanniug radar burst simulator; see Figure 30-27. The block diagram 
is self-explanatory. 

2. Beacon signal and ranging simulator, vimulating jamming effect of miss- 
ing pulses and extra pulses. The beacon signal simulator of Figure 36-28 is 
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useful in quickly checking the Non-Perlodicity Correlator, the Pulse Porition 
Correlator and Range Unit. The simulator »rovides at one output a simulated 
beacon response where pulses may o1 inay not be missing fn varlable amounts. 
The pulses are gated out ina random fashion. The outpu? for the Pulse Position 
Correletor contains an uns; nchronized beacon pulse train with mixed pulses at 
a controlled range which are synchronized with the simulated transmitter pre- 
trigger. The tranamitter pretrigger and Pulse Position Correlator vutputs 
provide a means of checking range systems. The motor-driven delay simulates 
range rates. 





Fiavae 30-27 Scanning radar burst Fiuuvag 30-28 Biock diagram of beacon signal 
simulator and ranging simulator 


50.4 Transmitter Circuits 


80.4.1 Pulsed Tranemitter Duty Cycle Monitor 

The duty cycle of a pulsed transmitter must normally be controlled to 
prevent damaging the power oscillator tube. This problem requires special 
attention when variable pulsewidths and repetition rates are employed. Nor- 
mally the pulsewidth is determined by the tactical situation and the prf is 
adjusted for (he desired duty cycle. In most cases the prf is maintained at its 
maximum possible value depending upon the duty cycle specified by the 
power oscillator tube manufactucer. 

The duiy cycle of a transmitter is given by 


D=W! (30-1) 


where D =z the duty cycle 
W’ = the transmitted pulsewidth 
f zz the repetition rate 


The above relationship indicates that for a constant duty cycle the prf 
must vary inversely with the pulsewidth. 
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The basic repetition rate generator is a plate-to-grid coupled astable multi- 
vibrator with the grid return voltage Z, connected to a variable voltage source 
which provides a voltage proportional to the pulsewidth. The multivibrator 
is illustrated In Figure 30-29, 





A 
Fiovax 30-29 PREF multivibrator aud shaping circuit 
For a symmetrical multivibrator, the perlod of oscillation fs glven by 
KR, - fi, 
a= % oe L - 2 
T == 2RC In (F z) (30-2) 
where Fy = arid return voltage 
KE, = plate voltage swing during transition 
i, oz tube cut-off voltage 
R == grid resistance 
C = plate-to-grid timing capacitor 
Inverting we get 
i a, 1 € 
= ] nee - 3 
pone (i: | * (ay) 


For values of 2,  ° 0 


pod t BR, (30-4) 
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The constants A and 8 can be evaluated graphically from Eq (30-3). 
The fact that the prf has a Hnear relationship to the grid return voltage 
makes it possible to use this circuit to provide a constant duty cycle for 
verlable pulsewidths. 

For the purpose of this discussion It is assumed that the pulsewidth of the 
transmitter is step-variable. By closing switches the width Is increased by 
fixed increments, Figure 30-3008 shows a bridge voltage divider circult to pro- 
vide voltage /, as a functlon of the number of pulsewidth Increments, VV. 
In Figure 30-30b the circult has been reduced to its approximate equivalent 
circult. E; and &, are voltages to be determined, KX is a constant and nm is the 
number of pulsewidth switches closed. It {s assumed that the on-off switches 
controlling the number of pulsewidth Increments switch the bridge resistors 
in and out. 

From Figure 36-30, 
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Viourx J0-30 Bridge voltage divider 


KE, — nk, 


KE, ar (30-5) 


Substituilng 2, equal to 4/B and combining Eq (40-4) and (50-8) ylelds 


pa Kot oO (30-6) 
Multiplying each side of (30-6) by V we get 
yy = ng | MED Won 


Note that Voand a are different. No is the actugl nuinber of pulsewidth 
increments. nois the number of bridge switches closed, With no switches 
closed fet V be 2. Then if A is equal to 2, Me (30-7) reduces to 


Nf= K (A+ BE,) (36-8) 
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For a constant duty cycle 


K (A + BE;) = Constant (30-9) 


For small values of K such as 2, E, may be large. With E; of 450 volts 
it is possible to obtain a 10 to 1 variation in pulsewldth and control the duty 
factor within +10 percent. 

The automatic control of duty cycle with continuously variable pulsewidth 
Is possible by converting pulsewidth measurements into an analog voitage and 
using the same prf control circult illustrated in Figure 30-29. 


56.4.2 Tranemitter Automatle Froquency Control 

High performance countermeasure systems require that the jamming trans- 
mitter be capable of scanning and stopping In frequency rapidly. Also they 
must be accurately set on frequency at critical times. This {s difficult to 
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Fiovma, J$O-31 Block diagram of transmitter afe system 
f,r mechanically tuned oscillators 


accomplish when the (ransmitter is mechanically tuned. Two afc systems are 
described below, The first is applicable (to mechanically tuned magnetron osc- 
ators. The second is applicable to a voltage tuned carcinotron oscillator. 


20.4.3 AFC System for a Mechanically Tuned Transmitter 

A block diagram of an afc system for a mechanically tuned transraltter Is 
Heusteated In Figure 30-31. The frequency control is accomplished In two 
steps, coarse and fine, The coarse frequency control is a position serve which 
will set the transmitter frequency within !0 mc. At this point the dne fre- 
quency control takes over and fine tuning is accomplished. The backward 
wave reference oscillator is tuned with a d-c voltage. A potentiometer on the 
tuning shaft of the magnetron has a voltage applied. Ao position servo 
matches these two voltages to accomplish the coarse tuning, 

For fine tuning of the transniltter, a small smount of ref energy from the 
transmities 's mixed with r-f from the reference oscillator, The output of 
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the mixer: is amplified in a 30 mc, wideband, i-f amplifier. The reference 
oscillator is normally 30 mc below the transmitter frequency. The Image is 
removed by the coarse frequency control system. 

The i-f amplifier provides an output of video pulses and also a di. si): ir- 
ator output. The discriminator output is pulses which vary in amp'itue- 
from —1!0 to +10 volts. The presence of the video pulses causes the efc 
system to switch from coarse to fine control. The pulses from the discrimi- 
nator; are stretched and peak detected to obtali a d-c control voltage to 
drive the fine tuning servo. 

When a stop signal is applied to the afc circuit the reference oscillator {s 
firet stopped because it is voltage tuned. Then the transmitter wil! allgn 
itself with the reference frequency. 


30.4.4 AFC System for Voltage Tuned Tranemitters 
The block diagram of Figure 30-32 illustrates an afc system by which a 
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Fiourx JO-32 Block diagram of afc system for voltage tuned tranamitter 


high power backward wave carcinotron oscillator is controlled by a low 
level reference signat. The operation is fully automatic in the search and 
iock-on phases Of operation, From any off-frequency condition the time re- 
quired to flack on is less than one second. The system can track at rates of 
300 me per second per second with aa error of t me, and can be operated 
with any type transmitter modulation. 

The afc system of Figure 30-32 has two modes of operation, search and 
lock-on. The search operation ds useful to place the tiansmitter oscillator on 
frequency. The phantastron sweep generator generetes a sawtooth of a f- 
aecond period. This sawtooth controls the tuning voitage of the carcinotron 
by adjusting the reference voltage of the power supply reguiator, During the 
search phase the phantastron runs free and cycles the transtaltter luning over 
and over, 

The lock-on phase of the afe operation holds the osciflator on the destred 
frequency once It has been reached. ‘To accomplish lock-on, a sample of res 
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energy from the transmitier oscillator 
is mixed with the reference r-f in a 
broadbanc mixer. The output of the 
mixer is 30 mc which is amplified, 
limited, and detected by discriminat- 
tor, For all types of modulation the out- 
put of the discriminator is pulses. For 
all types cf modulation except pulse, 
Fiovns 30-33 Frequency control a keyer Is used to pulse gate the i-f, 
phantastron The puises are amplified and generate 
& proper waveform tu maintain the phantastron in a quasi-stable condition 
in which the sweep voliage generated is stopped and held. In this condition 
the control loop is complete and the transmitter frequency will track the 
reference frequency. The phantastron circuit Is shown In Figure 30-33, 
The image suppression amplifier Behe a 
prevents locking on the lower side- a 
band. The system uses the lower  consees 
sideband to open the gate WhICH pune 
will then allow pulses to reach the oo en 
clamp circuits, This Is iMustrated In ""yrer" 
Figure 30-34. The operation is as inp ties ger 
follows: The transmitter starts 
sweeping at 4 and the first output — svieee 
from the discriminator appears at 
8. These are positive pulses which 
are not passed to the clamp ampii- 
fiers because the gate is closed. At C pulses come from the sideband ampll- 
filer and open the gate. Positive pulses are no longer available from the 
discriminator and no pulses will appear at the clamp amplifier. The system 
is now susceptible to locking action when positive pulses are available from 
the discriminator. This happens at D when the discriminator output fs first 
negative and then positive. If the reference pulses are lost for any reason, 
the gate ia closed by the recycle action of the phantastron which resets the 
bistable flip-flop 








Ficune 30-34 Lock-On operation of the 
BWM alc aystem 


30.4.5 Tranamitter Guard Band Circuits 

Guard bend clreaite are required to eliminate transmitter radiation at 
specitic prohibited frequency bands. This is accomplished in the mechanically 
tuned aad voltage Gined transmitters by blanking the modulator when the 
oscillator is tuned to these frequencies, 

For the case of the mechanically tuned transmitter, guard band cams 
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operate in conjunction ‘vith roller activated micrcswitches to generate modu- 
lation blanking gates whenever the transmitter Is tuned through the preset 
reference position. 

In the case of the voltage tuned transmitter described in Section 30.4.4, 
it is convenient to arrange for the reference osclilater to be voltage tuned. 
Amplitude selection circults ure used In connection with the tuning voitage 
to generate modulator blanking gates whenever the voltage hus specl‘ic levels. 
The same system can br used with the mechanically tuned transmitter by 
dolng the same thing with the reference oscillator when It Is voltage tuned. 


30.5 Recording Systems 


30.5.1 Continuous Recording of Intercept History 

In the operation of a surveillance type receiving system it is often important 
to record both the time and the r-f frequency of each intercept. Slow speed 
chart records of receiver agc, frequency, and a timing signal have been used 
in the past with some success. A new method hus been devised which pro- 
vides considerable improvement in resolution of time and frequency data and 
also reduces the “bulk” of data required for a given period of time. This 
method has been successfully used with both mechanically scanned receivers 
and electronically scanned receivers. 

This method uses a visual storage tube (Memotron) und an oscilloscope 
recording camera (type KD-2). A d-c analog of the receiver tuning is used 
for the horizontal deflection of the storage tube and a raster generator dis- 
places each trace vertically. A nolse-riding slicer operating on the recelver 
output develops a stretched, noise-free signal which is used tu Intensity 
modulate the storage tube beam. Thus, a blank screen indicates no signal, 
an intensity spot indicates a signal present, and the r-f frequency is shown 
by the horizontal position. A vertical Hine indicates a signal present each time 
the receiver scans that frequency. Depending upon the number of traces in 
the raster and the receiver sweep speed, the vertical displacement of the 
spot indicates the time of the intercept. 

The raster generator used In this unit allows selection of from 40 to 400 
lines per raster, Compensating clreulla allow a single Kneb contro’ for this 
function and regardless of the number of lines per rasier, the entlee usable 
scope face is utilized. The number of lines per raster are not limited to 400, 
Raster. with several thousand fines are feasible since the number of lines are 
determined by the resolution required in time of intercept, 

The camera {is triggered on the recycling of the raster generator, a uirgle 
frame exposure is made Just prior to eraatre, and a new rusie: Commences 
Immediately, Each pleture also shows the data panel of the camera which 
Includes a clock and a swcoep second hand. i reeviver sweep specd can be held 





50-36 ELECTRONIC COUNTERMEASURES 


constant, the time of intercept of a signal can be resolved from the photo- 
graph with a resolution of approximately +0.005 of the time required io 
generate one raster. 

The sweep speed used by u scanning type receiver in a surveil’ance opera- 
tion iy usually dictated by the Intercept probab'l.'y requirement. One factor 
in determining the speed Js the number of puls. . .. is necessary to receive to 
record an intercept. In this method of recording, w single received pulse is 
sufficient to verify an intercept. This feature will usually allow the receiver 





Fiauar JC-38 Typical frame-by-frame recording of data 
recorded by Memotron storage Clsplay and KD-2 camera 


to be tuned faster ti.us impreving the intercept probability, Figure 30-35 Is 
an example of data recorded by the Memotron storage display and KD-2 
camera. 


30.5.2 Fast Continuous Film Recording 

For wideband data recording it Is possible to use a high speed camera 
Which passes film at a high rate of speed by the face of a cathode ray tube. 
The motion of the film provides the Gime scale. The video te be recorded ts 
applied as vertical deflection of the cathode ray tube beam, This type of 
recording consumes film ata high rate but this can be expected of wideband 
recerdityy sysiems, 

A Warrick camera uses film speeds of 125 feet per second and can. stop 
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and start rapidly without breaking the film. Appropriate data analysis 
equipment can magnify the film data to 60 microseconds per Inch. 


80.5.3 Multiplex Recording Svstems 

FM-FM telemetry techniques are readily applied to multiplex recording 
systems. In general, standard FM teiemetry packages will produce a cuin- 
posite sigral which can be recorded on a single 100 cps to 100 ke track of 
magnetic tape. The tape bandwidth is divided between the .nultiplexed 
signals. 

A block diagrear of a mulltplex recording system fs jiiustrated In Figure 
30-36. The data to be recordec 
are applied to vcltage controlled 
osciilators (VCO) and cause the 
oscillator to shift over a given 
frequency band. A table of RDS 
standard subcarrier bands is shown 
20) as Table 50-1. The output of the 

; VCO's are mixed and tne com- 
poste signal Is recorded directly 
on a magnetic tape recorder, 

A timing signa! can be recorded 
on one of the channels. On play- 
back, a set of filters are used to separate the several data channels. These 
filters arc called demultipleaing equipment. 

The multiplex recording system is, in general, very costly and complex. 
The calibration problem is also multiplied. It would probably be preferable 
to use a 14 channel tape recorder rather than multiplex 14 charrels onto one 
channel of magnetic tape. 

A multiplex recording system will not be required uniess the number of 
required channels is greater than the number of recording tracks available 
on a single taupe. Then the use of a raulitplex systers slmpiifies the time cor- 
relation problems of data analyals. 
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Fiovar 30-36 HMinck diagram of the three 
channel multipica recording system 


35.5.4 Time Base for Recording Medlums 

There are many recorcing mediums: magnetic tape, chart recorders, strip 
film continuous motion, frame by frame photography, digital printers, ete. 
When records are made on more than one instrument during a single opera- 
tion, time correlation between the various recorders is often dificult: espectally 
when remote stations are involved, The time correlation problem ts such that 
a universal time standard ts aecessary; and time must be recorded along 
with the data on every record, often with accuracies of a fraction of a second, 
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Radio station WWY provides the required universal time reference. This 
is a time reference only, Precision timing equipments capable of generating 
accurate timing Information for leng perlods of time niust be used to gener- 
ate the actua! timing signals. These timing signal generators can be refer- 
enced to WWY at convenient Intervals. 

Timing signal generators are commercially available. Tne one described 
here is manucactured by the EECO of Los Angeles. The precision timing 
generator will drift -+:1 second per month. [f the unit is referenced to 
WWYV frequently, (ming information is available for high speed records 
within one millisecond of absolute time. The timit:q code is a modified binary 
form applied as amplitude modulation to a 100 cycle sinusoid for high or 
low speed records, The code fs Hlustrated in Figure 3C-37. 
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Propagation 


A. T. WATERMAN, JR. 


31.1 Introduction 

Radic-wave propagation has an inherert role in nearly all applications 
of electronic countermeasures. Whether one js recelving radiations from an 
enemy equipment or emitting rediations that wit! uffer’ an enemy eauip- 
ment, the radiations must be propagated througn the hitervening space. 
Normally that space is occupied by the carth's atmusphere, and |: is the 
role played by the various atmospheric constituents that makes propagation 
a dynamic and at times crizical consideration. 

This chepter wiil aim at surveying those aspects of propagation which 
are of most direct concern In countermeasures. With this viewpoint, it will 
not attempt to be a comprehensive treatise on propagation as such. Rather 
it will concentrate on factors which directly affect such quantities as signal 
level, angular deviations, and bendwidth Hmitations. Beceuse of chis special 
emphasis, tne topics discussed will be introcuced in a manner toat is net 
entirely systematic from a propagation viewpoint. Effects which have a 
relatively sitnple influence on transmitted signals will be introduced first, 
even though they may In some cases involve a complicated physical process. 
Correspondingiy, other effecis tnvaiving simpler physical processes may be 
deferred te a later discussion if thelr role in ccustermeasures is a confusing 
or unpredictable one. 

No deliberate attempt wil! be made to cover the various freauency ranges 
systematically. However, the avove n entioned treatmmenc will ia some respects 
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involve a sequence that begins at the high frequency end of the spectrum and 
proceeds downward, 

There will be a need to limit the discussion In many Instances. Electronic 
countermeasures, in the broad sense, includes many forms of activity, extend- 
ing over a vast frequency rusge. To delineate the coverage more clearly, 
emphasis will be placed on those frequency ranges and circumstances fn 
which radar countermeasures are important. This {2 not to imply that only 
cadar countermeasures are being considered. Indeed, apecific reference will 
he made at times to countermeasures against communications and other 
radiating systems, Hewever, such areas as infrared, visible, and ultiaviclet 
radiailun will not be discussed. Similarly the VLE end of the spectrum will 
be given only light treatment. The ranges covered wili, for the most part, 
extend from a little below 30 megacycles to a little above 100 kiloumegacycles. 

Finally, the discussion will be aimed at present-day and i.imediate-future 
needs. No attempt will be made to speculate on the long-range cutlook. 
Such problems as appropriate countermeasures for an Interspaceship com- 
munications link will hinge on equipment not yet developed, frequencies 
rot yet chozen, and properties of the Imerplanesary medium not yet firmly 
escertained. The propagation environment discussed here will ve largely that 
in which the earth's atmosohere plays the dominating role: propagation be- 
tween ground, alr, and satellite. For convenience in anticipaiing the discus- 
sion to follow, an outHne of the material to be covered is given here. 

Discus.ions of line-of-sight oropagation and transhorizon propagation 
constitute the remainder of this chapter. Under Une-of-sighi propagation are 
considered free-space propagation, molecular and fonic absorption, tropo- 
spheric and Jonoapheric dispersion and refraction, and polarisation. Under 
transhorizon propagation are considercd (rupospheric and lunospheric re- 
fraction and scatter, propagation via meteor trails and via aurora, diffraction, 
artificial modifications of the propagation medium, and transhorizon ranges. 
The Hat of ECM categories below will be used as a guide Jn referring to 
specie applications, although this list may oversin.piify the subject of 
countermeasures and the role propagation plays in it. As each type of 
propagation is discussed, its potential role in this classification of counter- 
measures activities will be mentioned. 


Active countermeasures 
Power jumming 
Spoofing (deceptive umminy) 
Passive countermeasures 
Letection 
Locating 
Detailed signal analysis 
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31.2 Line-of-Sight Propagation 

A large portion of the transmissions whicn are of concern In military ap- 
plications deal with propagation between two points lying w'thin line-of-sight 
of each other. Although these situations are ofter: eas Interesting than those 
invoiving more oxterded coverage, they are of basic Impertence and serve 
aaa convenient general reference. 


31.2.1 Free-Space Propagation 

if radio power Pr {s transmitted «.om an antenna having gain Gr (wit 
respect to a theoretical isotropic radiator), then the power Py delivered to the 
matched ioad of a receiver connected to an entenna of gain Gy at distance ¢ 
from the tranarnitter is 


At 1 
Py = PeGuGr| Feet * a | (91-2) 


where A {fs the wavelength (measured In the same units as 7) (References 
1, 2, 3, and 4). The quantity In square brackets ja e geometrical quantity 
unly, It, or rather its inverse, represents the loss which must be overcome 
by the other quantities, which are all man-made (transmitter power, antenns 
gains, and tecelver sersitivity), When expressed In terms of frequency /{ in 
megacycles and distance 2 In miles the Inverse of the quansity fn square 
brackets is 


4.56 » 10*/%d? (31-2) 


It ic useful to have a feeling for some typical magnitudes of this free-space 
trarsmission loss (Reference 8). For example, at. & freauency of 10,000 mc 
and a distance of 100 miles. thie loss expressed in decibels is 157 db. 
Such a transinission loss can be overccme, for exatnple, by a transmitter 
power of 100 kw (80 dim), a receiver sensitivity of —40 dbm (crystal 
video) and a combined antenna gain (transmitting plus receiving) of 40 db. 
All this adds up tu 160 db, giving a 3-db margin over the free-space loss. 

Becauee transinission joss vurles as the aquare of both frequency and dis- 
tance In Eq (31-2), the sample figure of 157 db loss would apply also to a 
frequency of 1200 mc and 1000 miles, or to a frequency of 100 me and 
10,009 miles, or alternatively to 100,000 mc and 10 miles. Thus, other 
things being ecjual, free-space propagation favors the lower frequencics. To 
the extent that other things (tiansmitter power, recelver sensitivity, antenna 
gains) are not equal, the lower frequencies tend to be even more strongly 
favored, 


ee s 
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The above sample figures indicate that » typical high-powered radar at 
X-band could be detected at distances of the order of 100 miles wichout 
excessively sensitive recelving equipment. Another 20 db Increase o: recelver 
sensitivity (to —00 dbm) would exiend th's range to arsund 1900 miles. 
On the other hand, at nigher frequencies, good receiver sensitivities and high 
transmitter powers are tarder to come by, so that transmiss'on ranges are 
limited by free-space attenuation alone. There Is thus a transition region in 
the neighborhood of 10 to 30 kmc below which a high-powered yro'nd-based 
transmiasiun may be received anywhere within line-of-sight !n the earth's 
atmosphere. The reciprocal situation—grouna-based reception of «airborne 
tranainisslon—is also, of course, true. 

These remarks apply to free-space transmission only. Other factors may 

? enhance or diminish received signa! strepgths. These factors are discussed ir 
ihe next sections. 


31.4.2 Lise-of-Sighh Propagation—Absurption 

Tae simplest modification of line of-sight propagation Introduced by the 
atmosphere is the literal absorption of power by certain atmospheric const}- 
tuents (References | and 3). Al! of the absorption mechanisms are frequency 
setisitive, some extremely so. Broadiy speaking, there are two general cate- 
Korica of absorption operaiive in the frequency ranges of interest. The first ‘s 
mulecular absorption, principally by water vapor and oxygen. It {s effective in 
varving degrees at frequencies above 10 kmc. The second ia lonospheric 
ubsorption, arising from collisions between free electrons and molecules. It 
can be effective below 50 mc. 


$}.2.2.1. Moiecutar Absorntion. Most of the absorption arialng 
from molecular resonances of the geseuus constituents of the atmosphere is 
aitributed to water vapor and oxygen. There are several absorption vands 
for each (Refcrences 6, 7, and 8) Water vapor has bands centered ai 22 
kinc, 170 kinc, and some above 300 kme (A < f mm). Oxygen’s absorption 
banda in this frequency range center at CO kme and 119 kme. 

When attenuation cf a signal resuits from uniform abaorption, the signal 
decreases exponendatly with distance. Consequently, the sate of attenuation 
a's a constant aumber uf decibels per unit distance. Where A = absorption 
(in decibels), a <= decibels per mile, and a = salles, 


cf ad (31-3) 


The rate, for two absorptive agents slmultaneousty present, is additive, and 
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> section baie 25 a 


the absorptive attenuation Is to be added to the free-space attenuation (in 
decibels). When the absorbing agent is not unlformly distributed over the 
transmission path, the total absorptive attenuation miust be Integrated over 
the path. 

Naturally the magnitude of the absorption coefficient a depends on the 
density of the gas through which the wave nasses. In the case of oxygen, the 
dennity depends almost entirely on altitude only, and so {is predictable. The 
detnsity—and thus also the absorption coefficient «<—decreases exponentialiy 
with altitude, with a scale height H of about £ miles; that is, tne density has 
Gecreased to 1/e of {ts surface valuc at a height of 5 miles; alternatively, 
the total oxygen fn the atmosphere '* the seme as would be contained in an 
atmosphere 5 miles vhick having unifcrm density, ‘Shus the total atteauation 
A due to oxygen absurptins for a wave iraveling vertically upward through 
the entire atmosphere is five times the number of decibels pcr mile applicab's 
at the surface a, for th: frequescy fn question. 

For gs wave traveling obliquely through the atmosphere, an exact evalua- 
tlon je « tttle more involved. However, a reasonably good approximation for 
ground-‘o-space propagation can be ovtained by assuming an atmosphere of 
constent density (and thus constant absorptive sttenuation rate) and of a 
thickness equal to the scale helyht: the effective Jength of trajectory 
through this atmosohere ta then calculable geometrically (Figure 31-1). 


_* 


. 
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Fiovax 3t-1 Geometry fur standard ray calculations 


When the take-off angie 3 is zezo (tangent ray), the effective length of 
path dis given approximately by 


d= VlH (31-4) 


where d is In miles and // is in feet, 

The distribution of water vapor in the atmosphere is net the same as that 
ul Coygen. Water vapor decreases more rapidly with altitude, so that Jf the 
concept of scate height were applied it would have a smaller value,--perhaps 
2 miies. cdowever, the principal differcnce Hes in the extreme variability of 
the water content of the atmosohere, which may easily vary by a iactor of 
3 or 4 at one locality. This means that the decibel vaiue of the absorption 
can vary by a similar factor. Consequently the figures quoted below must 
be considered flexible. 
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The four principal absorption peaks in the frequency range below 390 
kmec are sted In Table 31-!. Two of these are for water vapor and two for 


TABLE 31-1. Gasrous Motrcutar Assorrrion Banps 









Frequency (kmc) 
Absorption cocfficlent (do/mi) | 


Absorbing agent 








oxygen. The absorption ccefficlents listed apply to conditions at sea level 
and, In the case of water vepor, are Intended to be representative of everage 
temperate climates. 

If we take these figtires and apply them to four cases of one-way propa- 
wation we can obtain an idea of the strength of these absorpticn bands. The 
four ascy selected for illustrative purpcses are (1) veriical propagation 
from ground to 10 miles height, (2) the same to 300 miles height, (3) 
oblique propagation, tangent tc the ground, ovt to a height of 10 mites (300 
miles slant range), and (4) the same to 2 height of 300 miles (1800 miles 
slant range). 


TABLE Si-J1. Atrenvation at Apsometion-Link Farquencizs 






Transmission 
Frequency path, from 
(kme) earth's surface 
Abrorptlon _ ; 
(db) re 1 1CO Vertically | 
ta 
” Vere space = 
4b is 10 mi 
Attenuation (db) ; 
ate ae ieee = ss 
Absorption less a 
(db, thant | 1 Vertically 
y ty 
Pee-anace 
18Y 9 30C mi 
Attenuation (db) ae , | we 
Absorption ork ; 
: ray to 
ee 189 192 10 mi height 
Attenuation (db) 
|  Absorpthon if a 
(db) ms ee Tangent ray 
: | to 300 mi 
Fiee-apace | 204 207 height 
Attenuation (db) ied ant i vin eee er arene | 


po 
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Table 31-I! lists the total absorption in each of tue four cases for the four 
absorption bands For comnarison, the free-space attenuaticns are also Hsted, 
for each of these sixteen cateyories. Some Interesting observations can be 
made. For transmission vertically upwerd, the water-vapor absorption at 
22 kme Js negligible. At all frequencies (below 300 kmc) the vertical-trans- 
mission absorption is less than the free-space alienustion, though It can be 
very large (on the order of 100 db ai the stronger absorption peaks). The 
total absorption ior a tangent ray penetrating the atmosohere is hopelessly 
large (more than several hundred decibels) for all absorption peaks except 
the lowest cue for water vapor; even here it js appreciable (2round 30 db). 

At frequencies intermediate between these absorption peaks, the situation 

is w Sittle more compiicated, Hach avsortion line fs broadens’ by virtue cf 
the thermal metion and collisions of the alz molecules. Consequently at In- 
turmediate frequencies the bands overlan, However, not only does the den- 
sity decrease with height, but also the collision broedening decrease:. As a 
result the absorption valleys between the peaks Secome moze exaggerated at 
increased heights. The three valleys beiween the four peaks discussed above 
occur roughiy at the frequencies and have the approximate sea-levei net 
absorption coefficients given in Table 31-151. 





TASDLE 3!'-11i. Aweorrrion Micsema 


Uv requency (kmec) SA | AO 220 


Combined sea-level Oi O's 6 


absorption coei- 
| Achont (db/mi) 

The lower two of these minima are sufficient to perinit oblique penetra- 
thon through the atmosphere. Picking a few typical frequencies, we muy exti- 
Mate the tetal attenuation for « tangent ray xs ic ‘Table J1-1V. From this It 
can be aecn that below 100 kme the total absorption is overwhelmlag only 
in the seglen around the 60 kme absorption band. Above 190 kme It also 
becomes prohibiiive. However, below nbout 45 kmc, and again between 75 
rand 100 kinc, It may be tolerable tor some applications. 

There are other absorbing gases In the atmosphere, but generslly their 
absorption coefficient. are only a fraction of a decibel per mile and certainly 
are overshadowed by water vapor and oxygen, The above discussion is in- 
tended to give a general picture of the problem for Jong paths and for some 
of the worst cases. In ale-to-alr o- alr-to-soace situations, the strong absorp. 
tions applicable near the earth's surface will be diminished. 








31.2.2.2. lonsspherle Absorption.’ A radio wave propagating 
through the lonosphere excites the free electrons it encounters into miction. 


*sce References 9, 10, 1), 12, $B. 
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TABLE 31-1V. Torat Apsoretion oy a TANGENT Ray Pererratixna 
Eaatn's ATMOSFHERE 







Prequency 
(kmc) 


‘Total 
absorption 
(db) 


















Yrincipal 
Absorbing 
Agent 


and 


Position in 
A.Saorption 


Spectrum “I 


When thede electrons coilide with air molecules they give up sume of their 
energy to the neutral molecules. In chis way, power iz abstracted from the 
passing wave. The attenueticn suffered, when the medium is uniform, varies 
exponentially with distance. If the mediuni—and thus Its absorption co- 
efficlent—varies along the tranamission path, the total absorption will involve 
an integrstion a:ong the path. In the case of jonospheric absorption, the 
absorption coefficient is proportional to the numbers of free electrons Vv per 
unit volume and to the cverage frequency of collisions » cf an electron with 
neighboring molecules; it {s inversely proportional to the square of the radio 
frequency f (at frequencies above 19 mc): 






aa We/f* (31-5) 


The collisional «requency » per electron decreases exponenilally wlth 
height. The electron density NV is iow near the surface, begins to Increase in 
the ()-layer around 40 miles altitude, asd takes a marked Increase in the 
E-layer beginniag around 60 miles. ‘The product of the two (Vv) reaches a 
maximuntin the $0-mile high region, 

Typical magnitudes are such that the absorption fs greatest at frequencies 
which are reflected from the standard foncapheric layers (a few megacycles 
or so), At a frequency of 30 me, the absorption in the worst cage is rarely 
more ihan one decibel, At higher frequencies, becuse of the inverse fre- 
quency-squared relation, fonospheric absorption is entirely negligilie, 
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31.2.3 Line-of-Sight Prepagation—Dispersion 

A signal proragated throug, a dispersive medium may suffer distertions 
owing io the fact that (he velewi’y of propagation Is a function of frequeacy. 
Thus the phase relationship: berween high-frequency components and low- 
freguency components may slip a little, resulting In a distorted waveform. 
This effect turns out to be a rather academic one, since the dispersion is 
never sufficiently strong excent In cases where other harmful effects such as 
absorption are predominant. There are enly two types of frequency reglons 
where disperalon can be of even academic significance. One is in the neigh- 
borhood of the abserption bands above 10 xmc, and the other fs in the HF 
and VHF reglon affected by the loposphere. 


51.2.8.1. Tropotpheric Disperalun. Near each of the melecular 
resonances, there is an Inherent relation between absorption and the rate of 
change of refractive inuex with frequency (Revezences 1 and 3) If one 
considers a narrcw puise (say a fraction of a microsecond), and coraputes 
the distance [t would have tu travel beiure its higher irequency components 
have shipped appreciably in phase from its lower frequency components, one 
finds that the absorpilon suffered In traveling this distance !s far more sigz- 
nificant than any pulse disturdion suffered, Toe effects of Mteral dispersion 
in the troposphere are vegiigible. 


31.2.3.2. lonosyherie Disperalon. The refractive Index of the 
jonasphere is inherently a function of radio frequencies (References 1, 12, 
13, and 14), Conseauently, dispersion is always present to some extent and 
is aot closely inked to gosorption. The distortion a pulse or other wideband 
signal may suffer depends on the integrated electron density aiong the trans- 
mission path end on the frequency. Precise compuiations are complicated by 
the fuct that the higher frequency components may folioy a path slightly 
Gifferent from the lower frequency components. However, reasonably good 
estiniates Indicate the following values of minimum pulsewidth which could 
be transmitted through the entire fonosphere obliquely under strongly 
jonized conditions without suffering more than a moderate amount of dis- 
tortion (Table 31-V). For weakiy lonized conditions and for transmission 


TABLRB §t-V. Minimo Pussnwinte Unnimtosten ay foxonporpate: Dasee anton 


[Preaaey Te 
(ne) 100 $00 $000 000 
Pula: width 
“0 t 0.6 G2 002 


fganee ) 
‘co. H ; ook a wien stoi Daca . 
vertically apward, the dispersion is less. fn this case, the minimum undis- 
torted pulsewidths should be less by a factor of 10 than those shown in 
Table 31-V. 
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lt is evides. © at these pulsewidths are relativeiy narrow for the associated 
frequencies. Consequently, disnersion Is usual'v not a serious problem, but It 
ceuld be for widehand transmissions. 


31.2.4 Line-of-Sight Propaygation—Refracion 

The refractive index of the atmosphere varies with position. When the 
variaiion 's sinall (a a distance of one wavelength,—as !s the case under a 
gocd many circunsiances,—one may visualize the propagation In terms of 
rays (References | ard 3). A spatially varied refractive Index gives rise to 
a bending. of the rays. This bending can give rise to an apparent di-ec- 
tion of arrival which differs from the true direction In which the source fies. 
Generally, such deflections in angle are srmail. It is also possible for rays to 
follor two or more different trajectories between transmitter and recelver. 
In this case there may be constructive or destructive interference, resulting 
in strengthened or weakened signals respectively. Thirdly, there {s likely to 
be a difference in transmission time between the two or more trajectories, 
when they exist. This multipath delay effectivety reduces the bandwidth 
which the propagation can support and thus leads to distortlen of wideband 
signala (such as narrow pulses). 


31.2.4.1. Tropoapheriec Refraction.* In the lower: part of the earth's 
atmosphere, the refractive index m Is determined largely by alr pressure P 
(millibars), temperature T (°K), and humidity (vapor pressure ¢, mill!bars) 
ia accordance with Eq (31-6). 


saz 1 + if p 4. on “10 (31-6) 


> 


Since the refractive index differs from unity by only a few osrts in 10%, it is 
citen convenient to define a quantity A’ equal to the square brackets In 
(3-5). Thus 





N == (mn—1)* 108 (31-7) 


Typically the surface values of N tle around 300 at sea level. Note thet they 
increase with humidity (¢) and decrease with temperature (7). Also they 
normally decrease with altitude as a consequence of decreasing aly pressure p. 

The absolute value of tropospheric refractive index is not so important as 
its gradient, since it is the latter which leads to a bending of the rays. For 


*Sec References t and $ 
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the most part, the atmosphere has a marked horlzontal stratification, so that 
the strongest gradients are usually vertical. In these cases, it is the rate of 
change of » with height that is impojant For rays pre vagating at low 
angles through a horizontally stratified atmosphere, the radius of curvature 
y \s related to the vertical gradient of refractive index da/dh by Eq. (31-8): 


l/r = --(dn/dk) (31-8) 


10°/r = — (dN /dé) (31-88) 


Here the units for r and A ure the same. Since the velccity of propagation v 
is inversely proportional to refractive index 


v= c/n, (32-9) 


c being the free apace velocity of propagation, it follows that a decrease of 
refractive index with helght leads to a downward bending of the ray;-~i.e., 
in Eq (31-8) dn/dh is usually negative (— dn/dh positive’ and a positive 
radius of curvature by definition implies concavity downward. 

Under more or less standard conditions m decreases at the sate of 1.2 
10 © per hundred feet. The radius of corvature of the earth X leads to a value 


10°/R = 4.8 per 300 fr (51-39) 


Tne difference in curvature (times 10°: between a standard rey end the 
varth's eurface is thus 


(10°/R) — (10%/r) == 3.6 per 100 fe (31-11) 
If we were, artificially, to modify the carth's radius to a value Ff’, 
R’ = (4/3)R 


ther. we ina that the modified ray curvature !/r’, required in order that the 
difference {n curvature remains the sama, {is 


lr’ = O 


This means that by treating the earth as having 4/3 tines its actual radius, 
we may consider standard refracted rays as straight lines. 
If temperature decreases with altitude iess rapidly than in a standard 








31-12 ELECTRONIC COUNTERMEASURES 


atmosphere, or if the humidity decreases more rapidly, then tks refractive 
indcx gradient will exceec the atandard value mentioned above, I.c., 


— (dN /dh) > 1.2 per 100 ft (31-12) 


In fact if this negative yradient (rate of « +. .se of N’ with height) reaches 
a value of 


—(dN/dh) = 4.8 per 100 ft, (31-13) 


the curvature of a nearly horizontal ray equals the earth curvature. For 
steener gradients, 


—(dN/dh) > 4.8 per 100 fc (31-14) 


the ray curvature exceeds that of the earth; a ray starting upward at a 
small angle may be bent around and down back to the surface again. This 
nhenemenon is known as auperrefraction and, under other eppropriate con- 
ditions, as ducting or trapping, It is important for propagation to distances 
beyond the horizon, as discussed tater. 

Within Hne-of-sight, superrefraction is important fia several respects, It [s 
usualiy encountered In connection with horizontally atratified layers of 
limited vertical extent. Thus there mey be a smail range of heights within 
which ray curvatures may exceed that of the earth. This circumstance, to- 
gether with the detailed natuze of the bending makes It poxsible for rays to 
be concentrated in a Hmited height range and even to cross over each other. 
The greater concentration tends to lead to higher signal levels in the layer 
at the expense of some regions outalde the layer. The crossing of raya leads 
ro an interference which may result in signal enhancement or diminution, 
depetating on the phase. The strong downward bending leads to angles of 
arrival higher chan would be the case under standard conditions. Where rays 
cross, multipath conditions exist, 

The important consideration is the extent and magnitude of these effects. 
First consider the frequency range over which refractive bending may be a 
significant Influence. Ato frequencies well below the resonant absorption 
bands discussed earlier the refractive index is relatively Insensitive te fre- 
quency. Similar phenomena can occur in the dispersive regions but are more 
complicated as cegards detailed behavior and in any event are likely to be 
less predominant: than considerations related to absarption,—-whether & 
signal can get through to be received in the first place. The lower frequeacy 
limit for refractive effects is approached when the radio wavelength begins 
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to become comnparable with the size of the regions over which the refract!ve 
lndex varies abnormally (for example, with layer thickness). This occurs 
beluw 100 mc. Corsequently the frequency range in which refractive effec!s 
are likely to be predorainaut includes UHF and SHF. 

Secondly most of the strong refractive-index gradients are vertical, arising 
from horizontal stratification of the elr. A wave propagating vertically, nor- 
mal to the stratification, fs unaffected. As a consequence, the important 
refractive effects occur for horizontal or nearly horizontal propagation,— 
say {or elevation angles of less than 10 degrees. 

The most commen occurrence of strong refracting eNects is an increased 
downward bending of the rays, Substandard conditions do occur, 'n which 
rays have « lesser downward curvature than under standard conditions, or 
even an upward curvature. However, these conditions are leas frequent and 
are likeiy to be essociated with alr mass instability so thet they do net per- 
sist or are masked by turbulence. The downward bending concentrates the 
radiated power more strongly necr the surtace,—in and below the layer- - 
than would otherwise be the case. Consequently, signal strengths are In- 
creased on the average. In the theoretica! limit, signal power would fall off 
inversriy as the inverse first power of the distance, iather thar. the Inverse 
squase charscteriztic of free-space propagation. This signal enhancement js 
rarely achleved in practice. Whatever Increase In s'grei dees occur (IC to 
18 db) {s not so important in Hne-of-sight situations, In which signa! levels 
are often adequate anyway, a8 in beyozid-line-of-sight geometries, as dis- 
cussed jiater. However, deep fades associated with multipath Interference 
are significant. They can sesult In the temporary loss of cignal under con- 
ditions In which one cnight not expect It. 

Another phenomenon affecting line-of-sight signal levels is that of radio 
holes (Reference 15). Thier results from the redistribution of power aa- 
sociated with atrongly refracting layers. Unlike absorption, reiraction does 
not remove power from: the transmitted wave. It merely alters the wave's 
direction and concentrates tue power in some regions at the expense of 
others. The regions from which power is diverted have ben nimed radio 
holes. They occur most frequently in air-to-air prcpagation In elevated 
layers when both transmitting and receiving terminals are within or near 
the layer. Under suck conditions it Is possible for cn otherwise strong signal 
to become so weak as to be undeieciauie. Layers of this sort generally do not 
exist at elevations abo-'e 10,000 or 15,000 feet. Consequently the radio-hole 
phenomenon is unlmportant for high-flying aircraft or sate‘lites. 

As mentioned wbove, refractive variations normally give rise tu vertical 
bending of the rays (References 15, 17, 18, 19, and 20). As e result the 
angle of arrival that is more stronyly affected iz the elevation angle, rather 


bly il 





31-14 ELECTRONIC COUNTERMEASURES 


tia ine azimuth, Variations in elevation angle of arrival can reach | or 2 
degrees of departure from the angle fur a standard atmosphere. These 
strongly refracting conditions result from excessive duwnward bending, so 
that the ray arzives from above,—i.e., the variations in elevation angle ate 
upward froin standard. Rays arriving at angles below thai of the standard 
ray sometimes occur as a result of refraction, but the variations amount to 
only a few tenths of a degree. Similarly, horizontal variations in angle of 
arrival ave likely to be smal!. not more than 0.1 or 0.2 degrees. Exceptions 
may occur in transitory situations such as the pessege of a sharp weather 
front, but these are complicated aid unpredictable. It is to be noted that 
sven the strongest of these cngular variations ure ame'l. In countermeasures 
appilcations, they are relatively unimportant except for precise locating 
techniques. 

A consideration which Is of morc direct concern, nowever, is that of multi- 
peth iimitations on bandwidth. When two or more ray trajectories between 
transmitter and receiver exist, the recicrocal uf the difference in tranamis- 
sion time gives a rough approximation to the bancwidth that can be trans- 
mitted.* Fo. averege refracting layers this banuwidth mey be on the order of 
40 to $0 mc or su,—-adequate for most transmissions. Under inore severe 
conditions the bat:cwidth may be a iactor of 10 smaller than this (ie., 4 to 
£ mc), so thar short pulses would be distorted in the transmission. 

Tropospheric refraction within line-of-sight Is of importance In counter- 
measures, t':uugh not as wnarkedly so as In the transhorizon case, Neverthe- 
lesa slvnal levels are affected, so that a jammer situated in a radio hole 
telative ty its intended victim could be thwarted, and s search receiver could 
be faced with difficuitles. Bearing alterations are too minor to hinder direc- 
tion finding systems or rpcofing techniques. However, multipath Hmitations 
on bandwidth could Interfere with precise signal analys!s in some instances. 


31.2.4.2. Ionospheric Reiraction.t In the ionized regions of the 
utmosphere, the refractive Index depends on the density of free electrons 
NY (per cm*). For frequencies above 10 mc the refractive index is given to 
uw good approximation by 


Bx 10° « WVicm) 
ed ae tee ae ha ee (31-15) 
| /?(mc) 
Neto that dts values are lees thin unity and approach zero for sufficiently 
high electron density V, at eny one frequency. Owing to the dispersive 
*See Kelerence 4, 
tSee Refereners 11, 12. 84, amd 21. 
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nature of the medium, the group velocity of propagation v, Is directly pro- 


pertionul to the refractive index and Inversely proportional to the phase 
velocity Upa: 


VU, == AC 
= c¥/upy (31-10) 


where c !s the free-space velocity of propagation. The phase velocity ts still 
Inversely proportional to refractive index so that a decrease of m with height 
leads to a downward bending of a ray. 
The downward bending by lonospheric layers is most commonly utilized 
b in HF propagation to distances far beyond the horizon, as discussed later. 
The Important point here 's that waves of sufficiently low frequency can 
suffer total reflection by the ‘onuspherc, even when incident at steep angies. 
For cxample, a wave incident veriicaliy on the lonosphere (either from below 
or from above) will be reflected if the electron density Vv reaches a Value, fur 
any alven frequency /, such that the refractive index » drops to zero. For 
oblique incidence, the electron density need not reach such hign values In 
order that the same radio frequency be reflected; alternatively, a higher {re- 
quency ray can be reflected at oblique incidence than at vertical. The law of 


n° r* cos # = const. (31-17) 


refraction is for any one ray, where r is the redial distance frum the earth's 
center and # Is the angle wits) respect to horizontal. For examp!s, as w ray 
enters the lonosphere from above, the electron densliy N increases so that the 
refractive index m decreases accerding to (21-'S); 7 is decreesing; cos # then 
must increase, according to (31-17); therefore @ Gecreases. This continues 
a» long as the electron density keeps increasing, so thai the ray is bert 
around until it becomes horlzontal, and so {s reflected. A similar argument 
appiler to incidence from below. 

In practice, frequencies up to 30 mc or slightly higher can at timeg be 
reflected in this conventional manner. At 50 mc, the standard E- and F- 
layers can nearly always be pencirated, but not without causing some de- 
flection to the passing wave. In the intermediate region between 10 me and 
40 me, where sufficiently steep rays penetrate and others do not, many 
interesting effects take place. For example, the coverage seen from a point 
on the «arth’s surtace is somewhat as [llustrated in Figure 31-2. A low-angle 
ray (No. !) is reflected and returns to earth at some hirge distance. Ata 
higher angle, some other ray (marked No. 2 in the figure) returns to earth 
at aominimun distance, defining the skip zone, Ruy No. 3 returns to carth 
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Yiourr 31-2) Ray paths from polnt on Fioung 31-3 Rey natha from point vut- 
Farth’s surface tide atmosphere 


at the same distance as No. 1, causing multipath problems. Kay No. 4 
strikes the lonosphere at a sufficiently steep angle to penetrate, as do all 
higher angle rays at the same frequency. Rays No. 4, No. 5, and No. 6 are 
deflected in such a manner aa to spread their power out very thinly. Rays 
No. 7, No. & and No. 9 are deviated less, so that the fleld strengths in this 
ccne are approximately the free-space values. This cone of flumination of 
escaping raya becomes narrower as the ‘requency fs lowered, until it vanishes 
altogether when the critical frequency of the lono«phere {s reached. As one 
Koe> up in frequency, of course, this odd type of lens effect Introduced by 
the lonospiere hecumen small; in fact ': is segiigible above about 40 mc. 
The coverage as seen fron: avove the fonosphere fs i!ustrated in Figure 
S1-!, for this same frequency rexlon (10 to 40 ac). Here Ray No. i, sii- 
dent vertically, penetrates to the earth's surface. Kay No. 2 ‘s deflected but 
ati]! penetrates. Kay No. 3 does not penetzate but is reflected at such an 
angle that it Intersects another ray (No. 4) which did not strike the jono- 
sphere. Other rays are unaffected. The cusps occurring at points of Inter- 
sectlon of rays such as No. 3 and No. 4 giva rise to multipath praulems. At 
lower radio frequencies, x narrower cone of rays about the vertical would 
penetrate, and more reys would be reflected like No. 3, but at sharper angles. 
“onsequently there would be a iarger region with multipath problems. 
Abuve 40 ur $0 mc, rays always penetrate but nevertheless may suffer 
sume dedection in angle. The resulting error angle (difference between ob- 
served angle of arrival and direct line-of-sight) is greatest when one ter- 
minus is imbedded in the jonosphere. Table 21-VI shows some calculated error 
angles at the ground as a function both of angle above the horizon and of 
frequency, when the source is in the F-laysr at a height of 375 km (234 
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TABLE 31-VI. Enron Anotte (in proaxes) ar Crounp ron Sounce iw lonospatxrx 


Elevation 
angle Fr enev 
(degrees) (me) 


$0 $00 $00 1000 

\ 0.7 0.2 0.03 0.03 

? 0.7 0.2 0.02 0.01 
10 0.! 0.07 0.005 0.014 
60 0.1 0.02 0.001 0.006 


milles), It is seen that these errors arc not javge at 50 mc and above. In fact 
they are smaller than the resolving powers of most antenna systems at the 
frequencies involved. At the upper frequency ranges they are smaller than 
the deviations caused by even mild tropospheric refraction which may easily 
be an appreciable fraction of a degree. 

In its implications for countermeesures, lonoapheric refraction is Import- 
ant in several resnecta. The shadow sone of the earth {a cistinctly modified. 
Deflections in bearing, though not large at higher frequencies, ate present 
and can become very large as frequenciss deacend into the HF region. Multl- 
path can be severe, particularly at lower frequencies. Below the critice! fre- 
quency, the lonosphere ahlelds the earth from outer space. 


31.2.5 Polarization 

Mone of the effects caused by gases in the troposmhere Influence the polar- 
{zation of u radio wave. Consequently, when these rare the only agents et 
work, the polarization of a transmitted wave |e presezved, and measurement 
at a receiving point /s indicative of the source. Reflections from clouds or 
the earth's surface can, nhuwever, affect the polarization and make reiable 
determination difficult, since there Is no easy way tc compute cerrectlons. 

The Innosphere exerts a unlque influence on the polarization of a 
wave (References 12, 13, and 22). Beceuse of the presence of tre earth's 
magnetic fiela, the lonosphere Is a bi-refracting medium. These are two 
values of refractive index and two veiocities of propagation. Associated 
with each Is a characteristic polarization, An incidert wave generally ex- 
cltea both of these modes. Each travels with a different velocity, so that 
they emerge from the ionosphere with a phase relationship different from 
that at thelr entrance. Thus In recombining they form a different polariza- 
tion, If initially the polarization was linear, the resule of this process 
Is a yotation of he plane of polarization. The amount of rotation denend: 
on the frequency, the angle made with the earth’s manetic field tines 
and the inteyrated electron densit:’ along the path. As an example of these 
dependencies, a frequency ~f 100 mc penetrating through most of the 
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jonosphere at an angle nearly paralie! with the earth’s megnetic field 
vould suffer about a 90-degree roiation under weakly fonized conditions 
and about 20 complete rotations ‘inder strongly ionized conditions. The 
rotation varies Inversely as the square of the frequency, if the path 
followed is the same. 

Two practicel consequences follow from this polarizatior. effect. One 
ls that information as to initial potarization Js lost. The second is that 
the arriving poiarization may be orthogonal to that of the recelving 
antenna, (if the latter is linearly polatized) so that che signal {s lost,— 
unless provision is mace for an adjustment or an alternate 


$1.3 Transhorizon Propagation 

Refractive beading, which complicates propagation within the horizon, 
can under some circumstances be sufficiently strong to carry an appre- 
ciable amount of power around the curvature of the eerth. In addition, 
there are other mechanisms which help circumvert the Hmitations of the 
horizon. Some of these, such as diffraction and scattering, play e role at 
both ends of tne frequency vange be!lng conaldered. Others, such as 
reflecticns from meteor trails and aurora arc more specialized. 


31.3.1 Tranehorizon Fropagation-—Refvraction 

The basic refraction phenomena aire the same as those discussed for 
line-of-sight conditions. In the troposphere, they are caused by gradients 
of temperature and numidity; In the lonosphere, they are caused by layers 
of free electrons. 


31.3.1.1. Troyospheric Refraction. When the temperature increases 
with altitude or the humidity decreases with altitude sufficlent'y rapidly so 
that tne vegative zefractive index gradient exceeds 4.8 & 10° per hundred 
feet, s ray curvature may exceed that of the earth [see Eq (31-13)]. It is 
then possible for the ray to be bent downward, reflected from the carth's 
surface and bent downward again, thus proceeding In a series of hops near 
the surface. The ray is trapped and follows around the curve of the carth. 
This phenomenon js known as trapping or ducting, since the waves are 
effectively guided hy the layer (References 1, 3, 23, and 24). This trajectory 
applies to rays which start off at sufficiently low angles. Rays starting at 
steeper angles may escape. Figure 21-6 iMustrates the ray pattern in # sur- 
face duct. 

The ray picture however does not tell the whole story, since ray theory 
gives only an approximetion to the true behavior of slectromagnetic 
waves. A more exact solution shows ‘he trapping phenomena to be 
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Fiovart 31-4 Duct Prevagation 


frequency sensitive. Whether an appreciable porticn of power is trapped 
in the duct depends on the gradient of refractive index, the height Inter- 
val over which a substantial cradient exists aid che radio frequency. Te 
a certain extent, a duct behaves like a leaky waveguide. Higher fre- 
quencies may he effectively tracped while lower frequencies may leak cut the 
top of the duct for any cne layer thickness. While It fs difficult to apply 
&@ mathematical formula precisely to this behavior, an fiadication of the 
frequency dependence of trepping can be obtained from Table 31-VIJ. fi 


TASLE 33-VUl. Mowimuas Trapozep Yecovuency as « PuNction os Heron or a 
Suavace Ui'cr 


Cae Mt) a 4oo | 2000 
| fate (kme) J 0.3 0.03 
shows the lowest frequency which can be trapped by a aucface duc! of 
specified thickness. These sample figures are not to be taken too Hiterally, 
since the cut-oif in frequency is not sharv, and other factors enter such 
as stecpness of refractive-index gradient, roughness of ground, height 
of transmitter and horizontal uniformity of the layer. Nevertheless they 
do serve as a guide, and .adicate ar Ir-verse 3/2-power dependence of 
cut-off frequency on duct thickness. 
Signal levels in a duct, for frequencles successfuily trapped, average 
nrawad the frer-annce level arnroanrinie to the diataiice covered: —even thoueh 
the distance may take the transmission well around the curvature of the 


earth. Consequently, propagation ranges are increased substantially, some- 
times phenomenally, by ducting. Signals have been measured 10 te 15 
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db ubove the free-space level at times; at other times deep fedes 30 tc 40 
db below this level are observed. At the trapped frequencies, there is 
little gain in signal with increased height of receiver (or transmitter) as 
long aa it remains within the duct. Just above the duct, signals may be 
abnormally low; however, if the duct fs not strong or ihe frequencies are 
low enough to be incompletely trapped, the signal level may taper off only 
very gradually above the duct. 

Situations favoring cuct propagation are of various sc.ts. The muat 
reliable and extensive trapping conditions occur In the low-laticude bigh- 
pressure areas ovcr the oceans. Here subsidence of the alr mass leads 
tu temperature inversions, and evaporation from the sea surface reaults 
In strong vertical humidity gradients, both favorable to the formatian of 
ducts. Similar conditions can occur over lend but are less consistent, 
owins to nonuniformity of mon land aurfeces and to greater diurnal 
variability. A typical, though transitory, type of duct occurs over land 
as a result of radiationa!l cooling of the ground on calm nights. In general, 
ducts can occur In many aress of the worid, but only over Jow-latitude 
ocean areas are they consistent enough io be reliable. 

Ducting represents one of the major propagationa! Influences affecting 
countermensures procedures. The Increased signal levels permit bob jam- 
ming and passive detection at greater ranges in surface-to-surface situa- 
tlons. Variations In angle of arrival are slight enough so as net to disrupt 
direction-finding or spoofing techniques serlously,—except possibly In the 
vertical plane at low angles. Bandwidth capabilities are llkely to be digh 
enough for reasonably good signal analysis. 


$1.8.1.2. lonoapheric Refraction.© As meationed in the discussion 
vf line-of-sight propagation (Section 31.2.4), lonospheric layers can cause 
total reflection of an incident wave, if the eiecizon density is high enough 
and the radio frequency low etough. There is « critlcal frequency, lying 
between a few megacycles and about ten megacycles, depending on the 
maximum electron density in the icnosphere, below which waves cannot 
penctratef and sbove which they can, {f incident at a steep enough angle. 
Waves slightly above the critleal frequency may be reflected if incident 
obliquely, and t is for these frequencies that the pheaomenyn of skip dis- 
tance occurs. (See Figure 31-2 and accompanying discussion). A higher fre- 
quency would have a greater skip distance. Consequently, for any one 
distance there is a maximum usable frequency (muf), which is the frequency 

*See References Wi, 12, t4, and 2 


TAn exception occurs in the case of VF and BLF radiathon in the “whistler” mode 
(Referer cs 28), 
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' . which the distance in question is the skip distance. The quantitative 
aspects of this reflection process have been weil understood for some time; 
and auch organizations «a the U. S. National Bureau of Standards Issue 
regular bulletins tc facilitate thelr use In enginecring practice. Because of 
this availability of data, and since we are here concerned primarily with 
higher frequency ranges, this discussion vill be limited In extent and cun- 
fined to a mention of some aspects of Importance tc countermeasures. 

The largest practical distance on the earth's surface which a wave 
can reach via one fonospheric reflection is chat iimitea Dy tanger! rays 
and reflection helght, For F-laver reflection at “90 miles height, this dis- 
tance is around 2500 miles. Greater ground distances can be achieved by 
multiple hops: two or more jonospheric reflections witn Intermediate ground 
reflections. 

For frequencies above the critical frequency and at a distance greater 
than the skip distance, each lfonospheric layer can transmit two rays; 
a high-angle and a low-angle ray (for example wo. 1 and No. 3 In Figure 
31-2). Each of the two rays may in turn be split into two magnetolonic 
components by the earth's magnetic field. There may exist af many as 
t-vo or three reflecting lonospheric layers (Refereace 26), the E, F; and Fy, 
st any one time In additfon it Is often poasible for alncie—and multi-hop 
transinisalor. to be present simultaneously. Some of these nimerouz com- 
ponent rays may be much weaker than others, and therefore not too 
sigiiiticant. Nevertheless the detailed picture can be quite complicated. 
The net combination is tixely to result in signal Jevela not too far from 
the free-anace value. However, the variety of ways these components may 
combine in phase leads to fading of the signal, whica may also be affected 
by fluctuations in layer height and curvatures. The bandwidth that may 
be transmitted via any one component is large, but the large differences 
ii, transmission time associated wiih these various components results 
in a very Neuted over-all trensmission bandwidth. Angles of arrival in 
the vertical plane may range from nearly zero to 25 ur 30 degrees. 
Horlzontally, tilts In the conventionz, layers may cause departures from 
the great-cizcle bearing of a few degrees; — the greatest bearing errors 
arising from ionospheric propagation are not associated with layer: nrc- 
payation but with Irregular types of Jonizatiun: aurora, meteors, spuradic-E 
clouds, 

Of these three irregular types, the first two are discussed in separate 
xections below. However, ihe third is @ sayet-lype phenomenon and will 
be considered here (Reference 27). At E-layer heights patches of joniza- 
thon often exist having high electron densities, small vertical extent and 
$0 to 100 nules horizontal extent. They are at times capatle of reflecting 
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signals at frequencies ubove i900 megacycles. Their occurrence Is unpre- 
dictavle and erratic, as the name implies, but when present they can 
suppurt VHF propagation to distances of 1400 miles. The bandwidth Is 
as wide as a few megacycles unless there are contributlons from more 
than one sporadic-E patch or from other reflecting sources, in which ccse 
serious multipath limitations occur. 

The polarizaticn of a wave passing through an jonizea teglon depends 
on the integrated eciectron density through which the wave passes, regardiess 
of whether the wave Is penetrating the region or being reflected from It. 
Consequently the discussion in Sectlon 31.2.5 I!» applicable here. For 
frequencies low enough to be reflected by an ionized layer, all information 
regarding Iritial polarization of the wave is lost, except in very special 
circumstances. 

Insofa; as conventional reflect'ons from the regular fonised layers are 
utillze-? primarily for communications, the countermeasures of Importance 
are jarsming of the communications and intercept and analysis of signals. 
Direction-finding procedures are accurate except where tiiting of the 
layers occurs or sporadic-E clouds cause extreme off-path reflections. In 
the intter case d-{ Information can be highly misleading; consequently the 
rosetbility of this phenomenon occurring is always a serious cuncern. Band- 
widths are severely Imited in most instances by multipath, bui this timtia- 
tion is also Imposed on tne criginal transmiesions. Sporadic-E, despite 
itn erratic nature, can sometimes be very useful for loug range recon- 
nalssaace. 


31.3.2 Trenshorizon Propagation——Scatier 

in recent sears considerable attentlon has been given to types of 
trans:nission ryade practical by increases in transmliter powers aad by 
certain operational needs. In the microwave region, these types of trans- 
mission cover large ground-to-ground or ground-to-alr distances even 
in the absence of ducts. In the VHF region, transmission above the 
“maximum usable frequency !s achievsd In both Inatances, the word 
“‘seatter”’ has become associated with the phenomena, partly because 
of certaln characteristics cf the vecelved signal «ena pertly because of 
postulated mechanisms of propagation. The merits of potential theuretical 
explanations are leas inyortant here than a phenomenological description 
of experimentally measured characterist!cs. 


31.3.2.1. Tropospherie Scatter.®° Under nonducting conditions, 
microwave signal levels drop cff quite rapidly once the distance exceeds line- 


*See References §, 28, 79, 60, 5$, 42. $3, $4, 38, $6, 57, and 38 
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of-vight, There is an interval of distances in which the predominant mechan- 
lam by which power reaches the receiver is that of diffraction around the 
curvature of the earth. At greater distances another mechanism becumes 
predominant as is evident in recelved signa} characteristics. The most out- 
standing characteristic Is the variation of signal level with digtance. Typically 
the signal decreases far more slowly with distance than in the diffraction 
rexlon. Attenuation rates range from 0.12 to 0.20 decibels per mile—being 
perhays greater at higner frequencies. A useful, though not exact, rule of 
thuinb for estimating signal levels at frequencies In the genzral region of 
several hundred or a few thousard megacycles, is to consider the signals at 
100 miies to be 60 decibels below the free-space value and to be decreasing 
at C.17 decibels per mile. This applies to that portion of the path between 
horlecne. From each antenn. te its horlaon, the transmission loss is com- 
puted at the free-space value. In this way the cffect of elevated and 
airborne antennas can be taken into account. More detalled computational 
procedures are given etsewhere. 

The net result is that with t:izh powered transmitters, sensitive receivers 
and substantial antzana gains, large distances can be achieved. One to four 
hundred miles are common, Gvound-to-grouad signals have been received at 
400 mc out to 800 miles, and ground-to-alr signals at 200 mic to [00 
niles, though the latter, at ieast, appear to be attributed tc lonospheri- 
scatter, 

For a fixed path the signal is characterized by fairly rapid and exiensive 
fading. The fading range between levels exceeded 1!u percent of the time 
and 90 perceat of the time is 15 toa 20 decihels. Macding rates are f-equency- 
deperdent. Often, but not elways, they are directly proportional tu 
frequency and run arcund | cps at 3000 me. Over short time periods 
the fading is often found to have a Rayleigh distribution. 

There is aniple evidence to indicate that the signal does not always 
arrive exactly along the great-circle route. It is targely this characteristic 
which sugyeats a scattering mechanism as the explanation for this type 
of propagation, On the average. this scattering of the radio weve apreads 
the power over a renge of angles one or two degrees in extent. There are 
three lininediate consequences, all interrelated. Gne is an appare it broad- 
ening of a rarrow bean icansmission, or a distoriing of an antenra beam 
which is narrower than the acattering pattern of the atmosphere. The 
sccond [aa degradation of transmission bandwidth; the multipath associated 
with off-path scattered components Introduces delays which = effectively 
reduce the usable bandwidths to a few megacycles. The third {s an apparent 
loss in antenna win. A large antenna having a sufficiently narrow Leam may 
hot recelve power scattered from off-path angles; consequently, the signal 
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it recelves relative to g smaller broader-beameu artenna is not so great 
as the difference in the’r plane-wave gains would indicate. The magnitude 
of thls ‘galn-loss” has been measured to be a few decibels fcr beamwidths 
of less than one degree. Its variation with distance, frequency and meteo- 
rological conditions has not always presented a consistent pict'’e ‘owever, 

In view of the relatively limited number of careful measurements in 
this new field, many of these statements have to be accepted with sone 
reservations %*«* measurements indicate the cfi-paih components may at 
times be a. in number but move around rapidly, Thus the beam 
broadening is not neceeserlly observed Inctantanecusly, and instead there 
is w fluctuation in angle of arrival over a range of a few degrees (Figure 
Sie’. Other experiments indicate that conditions at a few hundred 





Fiovar 33-3 Fluctuetlons in transhorizon angle uf arrival. Bach trace corresponds to 

a 4 degres sector wan from keft to rignt, the center representing the great-clrcle bearing 

tu the distant transmitter, Successive scans ‘lracet) are Of second apart. The algnal 

peaks incicating angle of arrival are seen to vary rapidly, at times splitting into 
wveral almulaneous componenis 


megacycles often differ from those at a few thousand bandwidths ars 
gicater, pain degradation less, and fading rates slawer shan is consistent 
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with the above picture. Finally there is appreciabie difference between 
the measurements made at one time and place and those at other?. 
Ccution should be used In applviag formulas derlved f:om any one 
theoretical modei. 

Transhorizon tropospheric propagation has applications in reconnais- 
sance. Generally there is too much loss in getting beyond the alffraction 
region to make power jamming feasible and too much variability to meke 
deceptive Jamming realistic. But the gradual attenvation cf signal level 
with distance makes possible the reception of signals at large ranges anu 
at frequencies too high to utilize lonoapheric reflections. In this application, 
there may be distortion of short (less than one microsecond) pulses or 
uther wideband transmission, and of antenna beam shapes. There {s also 
an uncertainty In angle of arrival (one or two degrees) which Is unim- 
portart except for accurate direction-finding systema. These are limita- 
tiuna, but not serlous ones, 


31.3.2.2. lonosphertc Scatter.” At frequencies between 30 and 100 
mec, algnela can be trensmitted via the lonosphere over distances ranging froin 
500 to 1400 miles. The mechanism of propagation here is related to an ir- 
regular lonuspheric structure a. E-layer heights (60 miles) .attributable to 
turbulence or to large numbers cf sma‘! meteers. It is thus a scattering proc- 
ess und Is characcerized by « diversified angle of arrivai, antenna gain degra- 
dation in the case of narrow beams, rapid fading of the signa. and limited 
bandwidth owing to muitipath. Although the general nature of the signal 
characteristics ‘s somewhat similar to the tropospheric casc, there are 
many detailed differences. Since this type of scatter Is limited to i-layer 
heiyhts, there it. a cut-off at short distances (less than 500 miles) where 
the scatter angle becomes tov yreat. The scatter is caused by unevenly 
distributed free electrons and appeacs to vaty roughly as the Inverse 
seventh power of the frequency, on the average. The usable bandwicth 
ls quite narrow: —several kilocycles or so. 

Countermuasures applications ere largely in the area of signal detection, 
ax in the case af tropospheric, and for the same reasons: ifgnal leveis 
are low The limitations are similar, but more severe in the case of trans- 
missable bandwidth. Distances in general are greater, owing to the greater 
height of the scattering region, but the frequency range isn far more 
limited. By way of contrast, the troposphere-scatter frequency range 
extends downward into the regica below 100 me where it is still operative 
at shorter distances but becomes masked by competing mechanisms. On 


*See Reference §€ 
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the higher frequency side, fonospheric scatter cles off rapidly, and tropos- 
pheric acatter becomes predominant; the latter's upper limit in frequency 
is set by absorption (absve 10 kmc) not by failure of the mechanism. 
There is a region, then, between 30 and $00 mc, (to choose fairly broad 
iimits) in which both tropospheric at:d jonospheric scatter may be present 
simultaneousty at large distances. Angther overlap 'n scatter mechanisms 
occurs in the cuse of meteor trails, wnich is the subject of the next section. 


31.3.3 Propagation via Meteor Traiis® 

When a meteor eaters the atmosphere it usually leaves ec trail of 
lonization somewhere In the height rarge of 50 te 60 miles. Free elsctrons 
in this truil .an scatter Incident radio waves during the brie! Interval 

) (traction of a second tuo several seconds) before they recombine with tlie 
molecules. The scatter for any one meteor trait is directive, denending 
on the orlentatlon of the trall. Consequently, the detells of meteor scatter 
are Involved and can best be studied statistically. 

The frequency ranges over which meteor scatter is effective vary from 
the HF region, where it is overlapped by conventlunai layer reflections to 
a few hundred megacycles. At the lower frequency ranges, and for back- 
scatter, the meteor-trail echo is characterized by a rapid rise and slower 
exponential decay. Size and duration depends on the Individual meteor 
trail. On the average, the peak signal strength in this echo vazies Inversely 
as the cube of the frequency, while the duration of tic echo vanes Inversely 
as the square of the frequency. Thus the average nower scattered by meteors 
vazles inversely wich the fifth power of the frequency. In going to higher 
frequencies, and oblique paths, the nature of the meteor echo changes 
to a more nearly ayinmer.ical cise and fali. The upper frequency limit {s 
set by the sirong frequency dependence mentioned above and by the powers 
and system sensitivities available. Higher powers make use of the fainter 
meteor trails which otherwise would not be seen. There are large numbers 
of these sill meétéois. lideed one Siewpoint Ia regard to jonospheric 
scatter is that the required Inhomogeneous structure of the atmosphere 
is caused by the constcnt overlap of numerous small meteor trails each 
one of which would be too feeble to be detected individually. 

The stronger trails are not continicusly present. Consequently niopaga- 
thon via these trails proceeds in irregular, shert-Hyvyed bursts. Since the trails 
occur somewhat randomly, with different orientations, the particular tra- 
jectory taker by a scattered radio wave varies from one meteor to the 
next. Consequently, the direction of arrival is not constant, and meteor-trall 


*Sce References 40, 44, 42, 43, 44. 48, 46, 47, 48, and 49, 
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propagation does not provide an eccurate method of direction finding 
unless mois sophisticated techniques are used to obtain supplementary 
information. The bandwidth that can be transmitted via any one meteor 
burat is very large (many megacycles). During the later stages of a long 
trali, as it gets distorted by wind shear, the bandwidtS is reduced, owing 
to multipst: from different parts of the trall, but fo stlil appreciable 
(a megacycle or so). However, ths prtacnmce of more than une metecr In 
the ‘eam simultaneously leads to sericus multipath limitaticns (several 
kilocycles). In addition the motion of the meteor trall ceuses a doppler 
shift, which is not very lavge In magnitude, being as tnuch as 20 cps at 
50 mc ind proportivnal to frequency. 

Meieor traiis have a limited anolication in ccuntermeasures. They can 
be ureful In signal aetectior in (Chat moderate powers cam be detected 
at larve dimances (1500 miies ground-to-ground). Sowever, the trans- 
mission I» sporadic and ¢!rectiunal information poor. Their use in power 
jamming {Is negligible. However, one application of meteor transmission 
na: been in a burst-communication system, which is attzactive because 
of the security aspects associated with the directive properties of metecr 
scatter, ‘She possibility of confusing such a communications system hv 
spoofing techniques is not to be overlooked. 


$1.5.4 Propagation vin Aurura® 

High energy particles shot fromn the sun are deflected by the earth’s 
magnetic field to enter the upper reaches of the atmosphere at high 
magnetic laiiwudes. The resulting ‘onisation takes on a variety of forms. 
However, ir, all cases the colum.s of loniaation line up along the earth's 
magnetic-field lines, and reflectlon takes place when the incident and 
reflected says are perpendicular to the field lines. This geometrical !inita- 
tion, when combined with the fact that aurorcl forms rarely penetrate 
below 60 miles altitude, severely restricts the regions from which auroral 
reflecilons can be obtained. For example, they are not detected above 
6S-deurces latitude looking south. On the other hand, et a lathtude of 60 
degrees looking poleward they can be detected over an arc 120 degrees 
in width. 

Tue reflection coefficients actually are amall, on the order of 10°. 
Correspondingly, absorption associated with eurorae is neglig.ble, being 
one ab or so at 3O me and decreasing rapidly with frequency. As a result 
wurorae du not appreciably Csrupt straight-through propagation. However, 
they are of sufficient magn’tude for easy detection o: reflections at fre- 


*See References 50, $1, $2, $3, and $4. 
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quencies around $0 mc. In golny upward In frequency, the reflected signals 
decrease In amplitude. The law of decrease with frequency is not always 
consistent, varying from an Inverse third to an inverse seventh power. 
However, current equipments permit aurora! detection et 400 me without 
diffeulty. 

Keflected signals are characterized by high fading rates and strong 
doppler shifts more thar ten times thuse observed 'n meteur scatter. Both 
vary pruportionately ith frequency. In regions where auroral detection 
is possible, the large spread in angle permitted by the above mentioned 
geometrical restrictions results in a severe roultipath problem. Consequently, 
slgral Adelity is extremely unreliable. 

st is clear from all these characte.’ tics that suroral propagation has 
deAnitely timited possibilities in countermeasures. Its best use in any 
event would be In confunctlon with a monitor radar to tell when an 
adequate aurora is present. The principal advantages are its existence at 
times when other mechanisms may not suffice and the reasunably good 
signal strengths obtalrable. 


32.3.5 Mfruction 

Bec use of the wave nature of propegation, the shadow reslon around 
the earth's bulge or behind mountains is not completely devold of signal, 
even In the absitnce of refraction, reflection, scattering, or other deflecting 
causes. Waves penetrate the shadow regions by diffraction, The aagnitude 
and distribution of the diffraction fielcs depend on the gcometry involved 
and on the wavelength (References $5 and $6). 

For diffraction around a aspherical earth, the calculations are quite 
complicated. They have been worked out and presented in convenient 
able form (References $ and 56). At low frequencies, this ground wave 
ls of considerabie Importance. As one goes up in frequency, the rate at 
which the diffraction field decreases with distance beyond Hne-of-sight goes 
up repidly Thus at microwraves, theie is a relatively short distance interval 
in which diffrect'on fields predomincte. It Slee in the region just bevond 
line-of-sight; the diffracsion flelds decrease so rapidly with distance that 
they soon drop below the scatter-fiele ‘vel. 

The situation Is alte.ed Jf the row fed earth's horizon is cenlaced by a 
reiatively sharp mountain rarge (Reference $7). This “knife-edge” dif- 
fraction results in much stronger fields in the shadow reglon, Consequently 
Wffraction outweighs scatter over a greater distance range. This signal 
enhancement has been given the aomewhat paradoxical name of “obstacle- 
Kain.” Tt can be utilized under sume apecitic situations, Slunal levels tend to 
be steady but depend on details of the geometry and the fneerrelationship 
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with refracting conditions. Since very few horizons present a true kalic- 
ecige profile, the occasicns on which one should expect tu find obstacle 
gain sre not always clear. The phenomenon has definitely been shown to 
exist, but more measuremenis are needed on fading rates ard transmission 
bandwidth, 

In countermeasures applications, diffraction fields can provide a very 
useful supplement to mechanisnis for signal detection in speciai situations. 
The spplication In jamming techniques is far more sumited. Direction 
finding accuracy anc signal distortion may be a problem. 


31.3.6 Ariifictcl Modifications ef ths Propagation Mediu: 

People are always alert to tne possibiilty of artificially inducing changes 
in the atmosphere which might extend or reduce transmission ranges, 
depending on the purpose to be served. It must be burne in mind In 
this regard that the atmosphere ja very large compared with must man. 
made disturbances, so that it Is necessary either to cause en unusually 
large disturbance or to find a trigger mechanism to which natural changes 
in the acmosphere are sensitive. 

Attempts to find absorbing g-ses which would serve as radar camou- 
filage have not proved overly practical. Similarly a stimulation of tropos- 
pheric scatter by suund waves or blast has not been achleved. 

In the case of the lonosphers, the situation Is a iittle better. Release 
of chemicals at E-layer heights Introduces materisi euslly ‘onized ty solar 
radiation. The result Js a small clouc of lonleation which persists for a 
short time and from which refiectiona can be obtained. This technicus 
has potential applications in reconnaissance but has not been thoroughly 
exniorcd at this writhig. 

Nuclear explosions create a large erough disturbance to nave coisiderable 
effect. The greatest effects are caused by ulgn level explosions and seriously 
influence the lonosphere. Ionization at OD-nile heights leads to markedly 
‘ncreased absorption at HF. Artificial aurorae are produced fron which 
reflections can be obtained above $00 mc. Undoubtedly much more rezzarch 
will be done !n Investigating this phenomenon. 


31.3.7 Trenshorizon Ranges 

Hy way of quick summary, and at the risk of gross oversimplification, 
Figure 31-6 is included to jive a cough indication of ran,es that can 
be achieved at vorlousa frequencies for various tyres of propagation. This 
figure is applicable to ground-to-ground trarsmission beyond line-of-sight, 
This information must be utilized In the light of the qualifications and 
variability described in the text. 
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nisocetlaneuus elements, 10-44 
optimum patterns, 29-10, 29-16 
refiector-type, 29-30 
refiectora, 10-42 
rotaing cardlold, 10-34 
ecanning, 10-125 
sith.g probiems, 29-13 
spiral 29-33 
surface wave, 29-30 
Antiiammuag, 2-14 
cil, §8-20 
deception, 14-34 
techniques, and FM-by-nole jccming, 
14.34 
and frequency characteristics, 14-28 
influence on jamming effectivences, 14- 
24 
Arenys, ove eis) Antemnas, arraya 
directlan Anding, 10-9 
Artiitery tracking radars, ECM agsinet, 
3-21 
Atmosphere, absorption by, 21-3 
lacunae, 10-23 
lower, phenomena, 10-25 
scattering by, 21-3 
upper, electromagnetic properties, 10-38 
Attenuators, traveling-wave tube, 26-7? 
A: rora, in transhorlton propagation, 31-27 
Automatic frequency control, transmitters, 
30-32, 3u-3§ 
Autotrunsformer, 24-68 


D 
Hackhwerd-wave devices (osclilatore, ampli- 
fern), 26-46, 27-8, 27-7, 27-8, 27-28 
See also Rackward-wave oscillators 
control, 26-23 
efficlency, 2¢ 23 
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Hackward-wave devices, clectron uns, 
25-20 
focusirg, 26-20 
woy-nelse, 26-26 
modulation, 26-23 
operation, 26-17 
power, 26-23 
BOW - Wave siruciures, 24-20 
spurious outputs, 26-28 
tuning, 26-21 
Backward-wave oscitlaters, 2-53, 14-406, 
27-9, 22-2, 27-8, 27-5, 29-7, 2I-4?2 
future capabilities, 27-2. 
high-power problem, 27-30 
‘naertion boos, 27-33 
locued-oasctilator, 27-28 
medium-power §-bana system, 27-3) 
operation, 27-20, 27-32 
physical characteristics, 27-15 
voltage-frequency linearisation, 30-14 
Bandwidth, antennas, 29-4 
intercep? receiver, ©-59 
teavesding-waeve devicer, 276-10 
Barsege jammere, 32-5 
Barrage jamming sigrals, 14-9 
Rerratron, 28-4, 25-15 
Ritermitron, 22-2. 27-16, 77-28, 27-3! 
Bread acceptance band dir.ct-uetecsion te- 
celvers, 9-49 
BPr-adtund amplitude rrguiatcre,  -rimag- 
nethe, 28-44 
Uroadbara controllable phase shifters, fer- 
timagnetir, 53-48 
Broauband high-power lsatators, ferrtmg. 
netic, 28-42 
Broadband low-powr- isoletore, feerimag: 
netle, 28-31 
Eroadband microwave swhich, ferrimay- 
etic, 28-<§ 


Cc 
Camouiage factor, 1-7 
Ca. inotron, 2-58, 27-28, 27-8, 27-9, 27-12, 
27-18, 27 3). 27-27. 30-4, IO-18 
Cardiod antenna, vo'ating, 10-15, 10-24 
Carpet jammers, 2-15 
Cathode peaking, 24-26 
Ceramics, ave Fereimagretic materials; Fer- 
thtes; Ferroclectric materials 
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CFAR, 14-27 
Chat, see Confusioy reficctors 
Clhicults, 1-20, 24-1 
See alse Tunkag; nimes of devices 
analyacr, 50-14 
basle, for electronic tunlag. 28-7 
ferrife use, 28-6. 28-7, 36-11 
ferroctectrice in, 28-6, 28-7 
~ « le modulator, 28-9 
sentary, 1-24, 30-1 
Crcuisor, microwave, ferriic, 26-23, 28-31 
upp rg, “+4 
Coded i. teonemission finks, repeater 
use agp fet, 1A-45 
coding, 8-!¢ 
Calacidence conce,, 6 32.4 14, G-i6, 6°22, 
6-32 
Comb filters, 24-78 
COMINT (Communications Intelligence), 
4-2, 4-7, 1-4 
Communneiuens, countermeasures, 3-6 
intercept, 4-8 
jamming, 15-16, 14-3! 
nets, 3-20 
ye ychophysical probl-me, 8-8 
repeaters, 1-14, 16-1 
volcr, (amming, i4-$2 
Cu.nmunications Intelligence (COMINT), 
4.2, 4-7, bei 
Contuston reflectors, 1-16, 18-1 
angels, 18-2 
chaff, 2-11, 18-3 
antiiemming, 18-20 
dispensing sysierns, !8-16 
electrical characteristics, $6-7 
materia, 16-14, 18-95 
rechanical characteristics, 18-13 
neler spectrum, 18-9 
polsrization effects, 18-9 
Tecponiee ts frequency, 18-8 
tactical considerations, 18-17 
carnera, 18-7 
rope, 18-6 
theory of reapunn, 18-3 
window, 2-11 
Conicai-e:an tracking, 14-42 
Constant falee alarm rate techniques, 14-27 
Caornece seflectors, 18-7, 19-11, 19-16 
Correlation filters, 24-"6 
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Correlators. non-periodietity, 30 24 
pri, 10-24 
pulse poaltlon, 0-28 
Crossed ficld microwave tubes, sre Micro- 
wave tubes, crossed: ficld 
Croawd-feld oscitlators, mechanically 
tuned, 25-18 
Crossed Acld traveling-wave d-vices, 27-1 
CW doppler radar, 14-0 
C->W reception, 9-75 


2) 
Data. handling, intvrcept receivers, 2-6 
incening, 15-11 
Whrary, 24-99 
reconnaissance, 1-10, 4-3 
analyals, 12-02, PE-03, 19-18 
handling, 1-40, 11-1 
sorting, 19-97 
plorage systems, 11-14 
Date link Jamming, 14-$2 
Data read-out, Intercept receivers, 9-46 
Derepiten, cemblined range-angle 1$-fu 
in tracktlos rade jamming, 14-4. 
slunals, t4-2 
submartewe, 24-98 
tvcualques, 18-52 
Decoding, &-15 
Pweoys, 2:17, 2-44, 20-8 
active simulation of alrborne targets, 
20-17 
broadside echoes, 20-12 
charactetletics, 20-2 
tiene (iecrimination capabilitles, 204 
lnteated aimutation, 20-26 
hw teengeraitrs, 2209 
passive simulation of radar crose section, 
(0-7 
simulation techniques summary, 20-29 
submarine, F408, 24.22 
Detection, mvultiple decislon problem, 7-9 
puicsive, rachar, 4 o4 
polarization, ferrites in, 28 28 
ranve, tachar, maximune, £4.48 
mapuenttal, 7-0 
shameie, 267. G2, 7-4 
sssteme, combined paasive-active, $4.28 
Ihterters, Infrared, 21-6 


Detectors, photovonductive, 21-7 
pulse code presence, §$0-21 
Detuning, 14-57 
Dicke fix, 14-27 
Diffraction, in transborlzon propagation, 
Ji -28 
DINA (Direct Nol Amplification), 2-14, 
2-18, $265, 212-4, 14-¥, 14-30, 14-55 
bUpales, electric, 19-29, 10-35, 29-19 
reagnetic, 29-22 
Direct-ch tection receivers, see Recelvers, 
direct -detictlon 
Directlon fuera, 2-45 
instantaneous, 10-69 
Direction fineling, 1-9, 2.7, 2-51, 10-1 
See alio Antennas 
arrays, }0-9 
doppler, 10-14, 10-57 
varth effects, 19-24 
gontometera, 10-80 
ground conductivity, 10-27 
history, 10-1, 10-2 
Instantancous comparison of phase, 10- 
6 
Instantancous type, 10-69, 10:71 
interferumeters, 10-65 
inverse loran, 10-68 
irregular peitern, 10-56 
local alte effe.ts, 10-24 
Measurement techniques, 10-8C 
phase comparhon systema, 10-61 
parsition fixing, 10-90 
peatdetectar correlator, 10-68 
princigics, 10-1 
eeuential amputude-measurement types, 
10-27 
wrtuentinl phase measurement types, 10- 
$4, 10-47 
a ucntial time-delay methods, 10-15 
trchniques, 10-38 
time-cifference manning methods, 10-66 
Wide aperture syetem, 10-44 
“Wide-open” syatema, 13-74 
Discelenltniare, pulsewidth, 10-98 
Dispersion, line af rivht propagation, 21-9 
Distertier. multipath, jamming schemes, 
if 1% 
tratsiens to, ateady-state, 24-419 
Doppler direction finding, 10-14 
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Doppler fuzes, 16-1, 16-15 
Doppler radar, c-w, 14-40 
pulse, 14-40 
Drones, enemy, 3-20 
Dynanic range, intercept receivers, 9-6, 
9-42 


E 
Early werking radars, countermenaures 
sguinat, 3-2 
Early Warning Svatem, 4-8 
Earth, effects on direction finding, 10-24 
electronic survelilance of, countermeas- 
urea againat, 5-26 
Electromagnetic waves, absorption In ian- 
led layers, 10-20 
carth effects, 10-24 
in an jonivecdd medium, 10-18 
local site effects, 10-24 
lower-atmoaphere phenomena, 10-2: 
nuclear blaat effects, 10-22 
polarization changes, 10-23 
propagation, 10-17, 10-20 
Electron guns, backward-wave devices, 26- 
20 
traveling-wave tubes, 26-8, 26-50 
Electrunic counter-countermeasures, defini. 
thon, 1-2 
Electronic countermeasures, alrborne sve. 
tema, §-2, 5-9 
definition, 1-2 
evaluation, 2-49 
history, 1-4, 2-1 
integration with Infrared ccurt rm 
ures, 22-20 
perapective in modern wartare, 1-4, J-1 
psychophysical problems, 6-46 
research, %-.4 
supplementary tecshniqurs, 1-24, 30-1 
ayatema, 2-14, 2-24 
Riectronic Order-ot- Hattle (EQ), t-l 
stron warfare, definitlon, ¢-2 
pos chaphy nies in, 1-8 
systema, be. 
KLINT (Biectronics  totelligence), 2-24, 
4-2, 4-6, 4-7, 8-10, 94, 9-78, 20-8, 
30-3, 40-21 
Energy displacement tsolator, ferrite, 28-29 
Engagement warning systems, 22-18 
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Environment, operational, $-1 

alanal, 1-5, §-3 
EFOW (Electronic Order-of-Battle), t1-! 
bhaual-ripple gain functlon, 24-51 
Equal-ripple response, 24-57, 24-64, 24-66 
Extractors, pulse $0-15 


¥ 
False alarm rate, constant, techniques, 14- 
27 
Faraday rotation, 28-8, 24-57, 28-51 
Feedback amplitude stabilleer, ferrite, 28-28 
Ferret (intercept systems), 2-22, 2-52, 4-1, 
24-79 
Ferrlmagnetic materials and devices, 1-25, 
28-1 
See alio Ferrites 
vandwidth, 24-36 
ECM applications, 28-40 
Faraday rotation Ilmitations, 28-37 
limitations, 28-54 
high power, 28-19 
low frequency, 28-34 
linewidth, 28-56 
microwave applications, 28-44 
Ferrites, below 1000 Mc, applications, 28.) 
clreults, 28-6, 28-7, 28-41 
low-lons characteristics, 24-4 
nonlinear charscteristice 28-1 
temperature characterletics, 28-1 
time-reiaxation phenomena, 24-10 
microwave devices, applications bascd on 
nontinear effects, 28-33 
applied magnetic Acld parallel to prop- 
agation direction, 28-23 
appiled magnetic fiekl transverec to 
propagation direction, 28-50 
electronic scanning we, 28-32 
Faraday ratation applications, 28-25 
ferrimaunette reeonance, 28-18 
ferromagnetic resonance absarpthen 
applicwtlonne, 28-24%, 28.4 
Kittel’s cquation furs bounded medium, 
2a-22 
bonsen, 26-97 
microwave cnergy dieplacement ap- 
plications, 28 28 
microwave ficld-displacement applica: 
tions, 24-42 
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Ferrites, microwave devices, microwave 
propagation in infinite medium, 
24-20 

permeability tensor, 28-19 
phase shift applications, 28-31 
principles, 24-24 
properticn, 28-18 
structure, 28-15 

laruel absorption usc, 19-9 

rorrovlectrle roaterials and devices, 1-25, 

48>] 
applications below 1000 Mec, 278-1 
circults, 28-6, 28-7 
low-hiss characteristics, 28-1 
neniinear chatecteristics, 28-1 
awecp Waveform, 28-1! 
temperature characteristics, 28-1 

Ferromagnetic reaoncnee, fecsites, 28-9, 
28-44 

Fick! displacement Isolators, ferrite, 28-9* 

Ficld vectors, 10-$ 

Filter amplifier, 24-40 

Filtera, 24-75 

tunable, coantal ferrite, 28-50 

comb, 24-78 

compatible, superheterucyne receivers, 9- 
64 

correlation, 24-76 

frequency, 24-73 

tunable, atrip-Hine, ferrite, 28-40 

Flares, dispensing equipment, 22-7 

Floating drift tube orciliator, 25-20 

Fieating drift tube klystron, 2$-22 

Forward-wave amplifiers, 2? 

FM-by-nolse jamming, 14-9, 14-20, 14-26, 

14-40, 14-58, 14.04, $4-30, 14-07 

Free-space propagaizon 34-3 

Frequency,  charactctatler,  antijamining 
irchniques rrsated to, 14-25 

control, automatic, iransmitters, 50-52, 
30-3 
Alters, 24.78 
Indicators, instantaneous 9-44 
memory, 24-79 
range, Intercept receivers, 9-6 
transfer, JO-12 
Fuse repeaters, i-14, 16-4 
Fuses, countermeasures, 36 
detonation, varlable-time, 3-19 
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Fuses, proximity, radio jamming, 13-18 
repeater jammers used against, 16-7 
radio doppler proximity, principles, 16-1 
repeater design, i0-i 5 


G 


Galn, intercept receiver, 9-42 
travelirg-wave aevices, 26-10 
Gain- band: tith factor, 74-58, 24-65 
Galn function, equai-ripple, 24-51 
maximally flat, 24-49 
Gawous electronic materials and devices, 
$-25, 24- 35-65 
charactesitics, 26-45 
electron loea mechanims. 28-47 
Faraday rotation, 28-S1 
microwave applications, 28-50 
taicrc'vave brvakdown, 28-47 
et Sigh altitudes, 28-56 
m’ cowave phae shift, 28-84 
operallonal problemas, 28-36 
propagation characterisths, 28-48 
switch, 28-$2 
Gate, range, pull ff, 08-14 
ve'ocity, pull-off, 1§-16 
Geo, aphic programming, 17-6 
Leometry, jamming, 1-11, 13-1 
Genlomcters, 10.80 
Greund conductivity, 10-27 
Ground Instal’etions, infrared countermeas- 
ures, 22-14 
Ground operations, ECM and, 5-19 
Ground reflecwion factor, 13-7 
Keround targets, inf.ared radiation charac- 
sristica, 29-19 
toward band citcults, teanemitters, 30-54 
Guld nee countermeasures, 3-6 
Gyrator, microwave, ferrite, 28-27 
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Harm nic gencration anc mixing, ferrites 
in, 28-34 

Harmonics, mixer, 30-2 

apace, 27+3, 27S 

Helix antennas, 29-23 

Hora antennas, 29-28 

Htuman factors, electronic countermens- 
ures, 8-1 
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I 
image jamming, 14-46 
ladering, data, 11-41 
Imikcators,, instantaneous [requency, 9-68 
Information. we Data 
infrared, characteristics, jet aircraft tar- 
wets, 21-13 
countermeasures, active sources attached 
to alecraft, 22-9 
engagement warning systcms, 22-18 
gtound tnotalisthone, 22-14 
integration with other ECM, 22-20 
smoke clouce, 22-14 
techniques, 1-18, 22+ 
detectors, 21-6 
devices, compared with marowavs and 
visible radiation devices, 23-6 
ratlatlon, characteristics, 1-17, 24-1 
characteristics of alr-to-air rockets, 21- 
18 
characteristics of ground targets, 21-19 
shielding jct engines, 72-11 
seekers, sensitivity to iunger wave- 
lengths, 25-8 
simulation of radar decoys. 20-26 
trackers, principles, 21-0 
intelligence, 4-1, 4-3 
Intercept, see also Receivers 
airborne raqer, countermeasures against, 
3-8 
antennas, 19-<6 
approximate approach ta problem, 6-12 
cuincidence problem, 6-12, 6-14, 6-26, 
6-32 
communications, 4-8 
probability, 1-6, 6-1, 6-18, 9-7, 9-9, 18-8 
signal, system evaluation in terms of, 9- 
32 
systems, 4-1, 9-20 
evaluation, 9-22 
operatenal objectives, 1-5, 4-1 
Interception, underwater acoustle coun- 
termeoasutes, 25-6 
Interference, Jamming syatemn, 17-9 
interferometers, 10-65 
Inverse-galn modulation, 18-16 
Ionosphere, 10-20 
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lonospheric absorption, Iine-of-slght prop- 
agatlon, 31-7 
lonospheric dispersion, line-of-sight prop- 
agation, 31.9 
lonospheric refraction, Ine-of-alght prop- 
agation, 31-14 
transhorizon propagation, Jt-20 
lonospheric senticr, transhorclzon propa- 
gation, 31-28 
lsolators, broadband high power, ferrimag- 
metic, 28-42 
broadband low pewer, ferrimagnetic, 24- 
42 
energy displacement, ferrite, 28-29 
ferrite, 28-27 
field displacement, ferrite, 28-52 
resonance absurpiion, ferrite, 28-29, 78- 
53, 28-38 


Jamrners, sce also Antijamming; Jamming 
barrage, 12-5 
iook-throuph capabliity, 16-21 
repeater, 14-45, 16-1 

use aghinet fuecs, 16-7 
use against volee communication, 14- 
1$ 
spot, 12-6 
aweep lock-an, 12-8 
awept, 12-7 
Jamming, 2-14, 2-418, 8-37 
See also Antijamming 
AM-by-nolse, 14-0. 14-38 
ar‘enpa gain, 12-8 
antennas, 29-10 
camouflanc factor, 14-7 
communications, 13-16, 14-53 
cata Unk, 14-82 
effectivenvas, detuning, 14-57 
experimental methods, §4-11, 14-49 
influence of antijamming techniques 
on, 14-24 
map teat, 14-55 
renults, 14-29 
theoretical evaluation, 14-4, 14-53 
equation, fundamental, 13-2 
equipment evaluation, 14-2, 14-54 
FM-by-nolse, 14-9, 14-20, 14-30, 14-58, 
14-54, 14556, 14-87 
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Jammalng, eeame try, Pelt, Edt 
ground reflect on factor, 15-7 
imape, 14-46 
look through 42-5 
masking, fart irs afercting, Pied 
multipath cetorthon, 18-59 
nolns, 14-36 
obscuration, t4-9 
radar tecctver reapeanee, 14.17 
raclho pvanimilty fuse, 15-96 
wlunwts, 14-!5 
effectiven ssa, $-12, 14- 
randam tarrage, 14-9 
simulation, 14-49 
auscvotibiliiy to, 14-3 
ayalenin, eiccltonic ceapatibiiity, 07-8 
gengeaphic programe wing, 17-6 
interfercace, 17-8 
mode sclecting, 17-5 
prodranimed automatic, 1-18, 27-4 
prograrcimer, 2-1 
prograromer contes) elements, 17-2 
progra nmer clf-t ot, 37-10 
test rang’, 14-80 
-to-alunel catlo, 14-4 
tracking radar probem, 14-31 
tube chetacterietics 24.3 
voloe communteatt oma, $4.52 
underwitee acouetic countermeasures, 
23-14 
Jut atrcra.t, shielding, 22-14 
Jet taraets, Infrared characteristics, 71-15 


K 
Alyatrons, 2-54, 2! 99 
Charucieristles, 4-16 
tvalusiion, 29+. 9 
opera jon prin ipies, 25-16 
practlias Meath wg drift tube, 28-22 


Lacunse, 10-23 
Liar’ cata, IE.) 
Liketit wn eatin, 2-7, 7-9 
Ljmvits ce, amr itude, 24-82 
mic owave, ferrite, 28-39 
Line-« t-slght propagation, see Propagation, 
line of sight 
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video amplifiers, fundamentals, 
24-1 

rise time, 24-6 
Lissajous figures, 10-69, 10-70 
Local oscillators, 50-3, 50-12 
Locking-'* oscillators, 24-87 
Logaruhmicaily perlodic antennas, 29-26 
Look-through, 12-5 

capability, Jammer, 16-2! 
Loops, see Antennas 
Loran, Inverse, dircctlon finder, 10-68 
Luneberg lena, 10-55, §0-56, 19-13 
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dfagnetic dipoles, 29-22 
Mugnetic field, propagation In, 10-20 
Magnetic modulator cireult, 24-9 
Magnetron oaciilators, voltage tunable, 
27-1, 27-2. 278. 27-6, 37-7, 27-94 
applications, 2: 44 
future capabilitics, 27-45 
operation, 27-43 
tubes, 27-40 
Maxnetrons, 2-16, 2-54, 2-48 
See also Magnetron oscillators 
equipment usage, 28-4 
jamming characteriatics, 25-5 
multicavity, 25-4 
design, 25-4, 25-6 
long-lines effects, 25-12 
family capabliltles, 25-8 
operating characteriatica, 25-11 
pu'ting, 25-11 
pushing. 25-1! 
secondary electronic effects in inter. 
actlor. apace. 25-9 
thermal drift, 28-22 
tuning, 25-6 
operating parameters, 25-2 
Mapa, electronic, 4-6 
Marconi antenna, 10-4 
Masking target, 1-16 
Masking jatnmera, 1-30, 12-1, 12-5 
Masking jamening, factors affecting, 12-2 
Meteor trails, 10-22 
transhorlzon propagation, 31-26 
Microaweep receivers, 9-48, 9-64 
Microwsve circulator, ferrite, 28-27 
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Microwave devices, compared with Infra- 
red devices, 21-6 
Microwave gyrator, ferrite, 28-27 
Microwave limiter, fersite, 24-54 
Microwave awlich, broadband, ferrimag- 
netic, 28-45 
ferrite, 28-27, 28-29, 28-30 
Microwave tubes, see elto Trayveling-wave 
devices 
crosavil-feld, 1-22, 27-1, 27-3 
electron interaction with space har- 
monica, 27-8 
operation, 27-7 
space harmonics, 27-3 
typwn, 27-24 
O-type, 1-21, 26-1 
Missile asyatema, ECM ayainat, 5-38 
Misslle test, 4-7 
Mixer harmonics, So-2 
Modulation, Inverac-gain, t$-16 
polarization, ferrites in, 28-28 
acan-rate, 18-15 
Motlulators, amplitude, ferrite, 28-27, 28- 
32 
mugnetic, clrcult, 28-9 
phase, ferrite, 28-31 
single-aldeband, ferrite 28-31 
Molecular absorption, Hne-of-slgnt propa. 
gation, d1-4 
Mounopely, 10-29 
Monopulw radars, 14-45 
Mortar tracking radars, FCM agalnat, 3-2! 
MUSA (Multiple Unit Steerable Antenna), 
10-46, 10-49 
N 
National Defense Reacarch Committee 
(NDRC), 2-5 
Naval operations, surface, ECM in, 3-10 
underwater, ECM end, 3-24 
Navigation radar, countering, 3-13 
Networks, see Amplifiers 
No'se, amplification, clipping, 124 
chaff spectrum, 33°% 
Intercept recalver, 9-25 
jamming, 14°36 
low, traveling wave tubes, 24-68 
modulation «spectra, 12-3 
Non-perlodicity correlators, 30-24 
Nuclear blasts, 20-22 
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0 
O-tyne microwave tubes, 1-23, 26-4 
structures, 26-6 
Obscuration, '4 34 
Operational environment, %-4 
Operational objectives, Intcreepi ayatems, 
aul 
Operational ure, reconnaissance Informa. 
ton, 4-4 
Csciilaturs, 2-55 
backward-wave, ice Bachward-wave ds- 
vieva; Backward-wave oscillators 
floating drift tube, 25.20 
local, power atablilaer, 30-4 
frequency transfer, 50-42 
locking In, 24-87 
hiagtictron, see Magnetron oactilatars 
mechanicaily tuned, crossed fleld, 28.15 
high-puwer, 1-20, 275-! 
magnetrons in, 28-4 
synchronization, 24-87, 24-88 
V-22, 500-watt X-band, 26-22, 28.24 
V-71, S-kw, X-band, 2£-25 
Ozone, 22-14 


Pp 
Pararaciele amplifiers, 24-70 
Permeability tensor, 28-19 
Phase, instantancous comparison, 10-79 
Phase-measurement directlon finding, 10- 
37 
Phase modulators, ferrite, 28-31 
Phase shifters, broadband contrullable, fer 
rimsaunetic, 28-45 
Phantastron, 30-14 
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